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ABSTRACT 
Approximately 60% of all South Africans do not have access to electricity from the 
national grid and 80% of the dwellings in the rural areas are not electrified. This is 
due to the fact that many rural South Africans, similar to other rural markets in the 
developing world, live in sparsely populated, widely dispersed villages, which cannot 
be reached within the grid electrification program. HVDC technology provides a 
viable option to transmit electricity to small distant loads. 
The objective of the present study is to demonstrate the application of HVDC 
technology in a medium voltage distribution system, to provide electrical power to 
Kwa·Ximba, which is a small distant rural area, located in KwaZulu-Natal, South 
Africa. The proposed system generates electricity from a hydroelectric generation 
scheme namely Nagle Dam and transmits the excess power to Eskom's CalOridge-
GeorgedaJe sub-transmission network fo r system enhancement purposes. Extensive 
technical and economical analyses of the proposed system has been conducted. An 
HVAC system was also considered for the same purposes in order to make technical 
and economical comparisons between the use of a HYDC and a HY AC system. In 
addition, grid extension from Eskom's Catoridge-Georgedale sub-transmission was 
considered to provide power to Kwa-Ximba without the use of a hydroelectric 
generation scheme. The proposed networks were therfeore (i) Network A:- Power 
supply to Kwa-Ximba. and the Catoridge-Georgedale sub-transmission network, from 
a hydroelectric generation scheme, using HYDC technology, (ii) Network B:- Power 
supply to Kwa-Ximba, and the Catoridge-Georgedale sub-transmission network, from 
a hydroelectric generation scheme, using HYAC technology and (iii) Network C:-
Power supply to Kwa-Ximba by extending Eskom's existing AC Catoridge-
Georgedale sub-transmission network with the hydroe lectric generation scheme 
switched off. It is proposed that Nagle Dam, which is situated adjacent to Kwa-Ximba 
be used as a hydroelectric generation plant. 
In order to detennine the most efficient and cost effective use of generator sets, the 
flow rate, available hydraulic power and available electrical power from the year 2005 
x 
to the year 2032 were calculated. The increase in flow rate was based on an annual 
growth rate of l.5% in water demand. The increase in electrica l power demand for 
Kwa-Ximba was calculated for the next 29 years based on an annual growth rate of 
1.8 %. Load flow analyses was conducted on the various power line and busbars that 
constitute each of the networks, in order to determine the effectiveness of each 
network. 
In order to maintain flexibility in power generation, five sets of hydro electrical 
generators were chosen to give a combined power delivery of20MW. The first three 
hydro electrical generators are rated at 5MW each, the fourth set rated at 3MW and 
the fifth set rated to deliver 2MW, (G I to GS operate 11 KV, 3 phase). The 
combination of generator sets in use (01 to 05) will vary depending on the e lectrical 
power demand in any given year. Analyses of the predicted load flow pattern revealed 
that in the year 2005, Kwa-Ximba wil l n:cdve 10.5 MW of power while 8.64 MW of 
power will be used to enhance the Eskom's Catoridge-Oeorgedale sub-transmission 
network, with a 4% spinning reserve. By the year 2014 power supply to the sub-
transmission network wi ll cease since Kwa-Ximba will be absorbing 12 .2 MW of 
power with a 17.5% spinning reserve. By the year 2032, Kwa-Ximba will absorb 17 
MW of power with a spinning reserve of 14.63%. 
The converter stations required for the HYDC transmiss ion network (Network A) will 
be equipped with YSC and PWM technology and have a true power rating of a 
20MW. This wi ll be adequate to supply Kwa-Ximba' s power demand right up until 
the year 2032 when the demand will be 17 MW. Converters will include 10BTs. Two 
45 km long, 30 MW, 80 kV triple extruded polymetric HYDe cable will be buried 
700mm below natural ground level. The Rectic Master software was used to se lect an 
appropriate overhead line for HVAC transmiss ion (Networks B and C). An 
aluminium, wolf conductor was selected to transmit 20MW of active power. 
Load flow analyses revealed that the HYDC link contributes positively to network 
stabil ity by absorbing more reactive power than the HY AC link. The HVDC system 
absorbed a combined (Kwa-Ximba, Catoridge-Oeorgdale sub-transmission network) 
xi 
reactive power of 22.04 MY AT, as opposed to the HV AC transmission system where 
a combined reactive power t .89 MV AT was absorbed from the connected network. 
This demonstrated that the HVDC link had the ability to absorb more reactive power 
from the Catoridge-Georgedale sub-transmission network, therefore contributing 
positively to the enhancement and stabi lity of the sub-transmiss ion network. Network 
A contributes more to system stability than Network B. It has also been shown that if 
Eskom' s Catoridge-Georgedale sub-transmission network (Network C) is extended to 
supply electricity to Kwa-Ximba, this would result in system instability, in the long 
tenn. It is evident that Eskom would attain direct benefit from the installation of 
Newtork A, rather than Networks Band C. 
The technical and environmental differences noted in the present study, between the 
HVDC and HVAC systems does not, however, justify the economics to install a 
HVDe system in order to supply power to Kwa-Ximba. Economical analyses 
revealed that the implementation of Network A would cost 64% more to install and 
result in a 75% less annual net profit than Network B. Network B would yield the 
highest annual net profit for the developer. From the developer's perspective, 
Network B will be the most feasible network to implement. However, from Eskom' s 
perspective, Network A will be the most bene ficial. Various recommendations have 
been made by the researcher that would benefit the community of Kwa-Ximba, 
Eskom and the developer in the long term. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Electrical energy 
By the year 2020, worldwide gross installed power generation capacity is expected to 
double from today's 3000 GW to 6000 GW. In the next 20 years, power consumption 
in developing and emerging countries is expected to more than double, whereas in 
industrialized countries, it wi ll increase only for about 40 %. Fast development and 
further extension of power systems can therefore be expected mainly in the areas of 
developing countries (Breuer and Lei, 2004) 
The major part of this increase will take place in developing countries. Currently 
approximately 70% of power plants use fossil fuels to generate electricity. This share 
is expected to grow to more than 80% by the year 2020, due to high dependency in 
emerging markets of fossil fuels and their availability at relatively low cost. Schemes 
based on renewable resources wi ll make a valuable addition to fossil fuels. However, 
in the period up to 2020 renewables will constitute a comparatively small part of the 
total Therefore, higher efficiency in conventional power generation, power 
transmission and distribution will still be required, because the efficiency 
improvement potential may surpass the amount of energy generated by new 
renewables for quite some years. Some new techno logies have been developed which 
are in the process of being implemented in traditional areas. 
1.2 South Africa's energy supply 
South Africa's gross domestic product (GDP) is the 26th highest in the world, but its 
primary energy consumption ranks 16th. The energy sector is critical to the South 
African economy, contributing about 15% of GDP and employing about 250 000 
people. Its energy intensity is above average, with only 10 other countries having 
higher commercial primary energy. intensities (South African Business Guidebook, 
2003). This high-energy intensity is largely a resu lt of the economy's structure, with 
large-scale, energy-intensive primary minerals benefiting industries and mining 
industries. 
In add ition, there is a heavy reliance on coal for generation of most of the electricity 
and a signi ficant proportion of the liquid fuels consumed in the country. South 
Africa's industry has not generally used the latest in energy-effic ient technologies, 
mainly as a result of re latively low energy costs. South Africa, which supplies two-
th irds of Africa's electricity, is one of the four cheapest electricity producers in the 
world. Eskom is among the top five utilities in the world in terms of size and sale. 
Eskom is South Africa's primary electricity supplier. It is governed by the South 
African Electricity Counci l and a Management Board, established in terms of the 
Eskom Act of 1987. Eskom's 24 power stations, with a nominal capacity of 40585 
megawatts power, operate 365 days a year. It supplies approximate ly 95% of the 
country's electricity requirements, which equals more than half of the electricity 
generated on the African continent (www.eskom.co.za). 
1.3 Electrical power systems in South Africa 
1.3.1 Generating Stations 
This change of focus from capital investment to service delivery means that South 
Africa is reach ing the point where more generation capacity will be required, both on-
grid and remote power supply. Current ly, Eskom's national generating capacity is 39 
GW. Their portfolio of generating plants include (i) 34 882 MW coal fired, 600 MW 
hydroelectric, 1930 MW nuclear and 342 MW gas turbine (oil fired). The two 
hydroelectric schemes namely Gariep (360 MW) and Vanderkloof (240 MW) have a 
dedicated purpose for hydroelectric generation only. 
1.3.2 Transmission lines and distribution netw"orks 
There are 26 461 kilometres of transmission lines, which span the entire country and 
also carry power to neighbouring countries. The national electricity grid, connects the 
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power stations and large urban and industrial areas, as well as all neighbouring states. 
Altogether there is approximately 240 000 Ion of transmission, primary distribution 
and reticulation lines. Extra high voltage (765 kV) transmission lines are operated at 
high altitude (www.eskom.co.za). Cahora Bassa is the largest hydroelectric scheme in 
southern Africa and is based on HYDC transmision. In 1994 the insta lled capacity in 
Mozambique was 2 400 MW of which 91 % was hyd roelectric. The system includes 
two converter stations, one at Songo in Mozambique and the other at Apollo in South 
Africa. There are two parallel lines between these two stations, covering I 400 km. 
These HVDC lines work at 533 kV and in Mozambique territory only have about 
4 200 towers (Eskom news, 2000). 
1.4. Electricity supply to rural areas in South Africa 
There are numerous impoverished communities in South Africa where living 
conditions are dire and connection to the electrical grid is a far off dream. The bulk of 
the rural population still has no access to services such as electricity, drinking water 
or sewage and sanitation. 
The first matter to consider when discuss ing the use of electricity by rural households 
is to what extent these households have access to grid electricity. About two-thirds of 
households in South Africa (66%), and almost half (46%) of rural households, had 
been connected to the grid by the end of 1999 (Kotze, 2001). This can be compared 
with an estimated 44% of households, and 12% of rural households. which had been 
electrified at the end of 1994 ([hom €I al., 1995). To address this problem, the 
National Electrification Forum (NEF) has devised a strategy to acce lerate grid 
extensions and provide electricity. In the six years from 1994 to 1999 between 
400,000 and 500,000 new connections were made annually as part of the accelerated 
national electrification programme, in accordance with the Reconstruct ion and 
Development Programme (RDP) targets agreed upon between the government and the 
electricity industry (Thorn, 2000). 
Current, electricity tariffs are proving to be unaffordable to a vast number of people. 
One study conducted through the Government's Human Sciences Research Council 
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found that an estimated 10 million people have suffered water cutoff's and electricity 
disconnections under privatization, mostly because they could not afford increased 
rates (Bond, 2004). 
1.5 Problem Definition 
Since 1994, ESKOM has electrified approximately 1.8 million rural households via 
grid extensions. Those communities have benefited enonnously, as the cross-
subs idized programme has allowed each household a 20-amp grid connection, using a 
prepayment meter system, with no fixed monthly charge. 
However the grid electrification programme has failed to reach all rural communities. 
Approximately 2 million rural households still do not have access to electricity and 
the subsequent opportunity to improve their quality of life. This is due to the fact that 
many rural South Africans, similar to other rural markets in the developing world, live 
in sparsely populated, widcly dispersed vi llages, which cannot be reached within the 
budget of the grid electrification programme. Furthennore the cost per kilowatt-hour 
of electricity is perceived by many households to be too high. They thus continue to 
use traditional fuels such as wood, paraffin, gas and coal, for long-time cooking and 
space heating in winter. As a result, average consumption levels are low. Another 
problem that arises from the Jack of sufficient energy to power, water treatment 
plants. This leads to a serious lack of clean drinking water in rural areas. 
One of the worst affected areas in South Africa, is the province of is KwaZulu Natal, 
which has the largest population of all provinces. Despite the fact that it is the second 
highest contributor to the country's Gross Domestic Product, it has the highest 
unemployment rate and one of the lowest income rates per capita. 
It is evident that the present means of transmitting electricity to small isolated rural 
locations is costly, inefficient and capital outlay for such projects is unlikely to be 
recovered. Such locations can be referred to as small distant loads. There is thus an 
urgent need to provide a more cost effective and sustainable means of providing 
power to small distant loads. This will aid in a more universal access to electricity 
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which is a primary goal of South Africa's energy policy as identified in the 
Government's White Paper on Energy Policy. 
1.5.1 Approach to solving the problem 
It is proposed that the present problem can be alleviated by using renewable power 
generation plants such as hydroelectric plants (existing water sources located close to 
a rural location) generate power that can be transmitted via High Voltage Direct 
Current (HVDC) technology to small distant rural locations. In turn, excess capacity 
can be redirected to the main Alternating Current (AC) grid using HVDC technology 
for system enhancement. 
HVDC transmission systems are proposed because they provide a more efficient and 
cost effective way of moving electricity over long distances. An HVDC system 
converts alternat ing current (AC) into direct current (DC) and which can be 
transmitted to a distant location. where it is converted back to AC and distributed to 
consumers. Advancement in the switching technology has broadened the scope for 
application of HVDC to Medium Voltage Direct Current (MVDC) and short links, 
including applicat ions in distribution systems. HYDC technology was previously 
applied to MVDC installations such as the Gotland link (80kV) (Asplund et aI., 
1998), the Directlink installation in South Australia (80kV) (Cook et al., 1999) and 
the Tjaereborg installation in Demark(9kV) (Eriksson and Wensky, 2003). The 
Voltage Source Converter (VSC) concept for DC has made it feasible, in many cases, 
to connect remote locations to the main grid where cheap electricity is available. 
In the present study a developmental plan for a HYDC transmission system from a 
renewable energy source namely Nagle Dam to the rural location Kwa-Ximaba, 
KwaZulu, Natal is established. The use of HVDC transmission to enhance the 
existing Catoridge-Georgedale sub-transmission network in KwaZulu-Natal is also 
established. 
5 
1.6 The scope of tbe study 
HVDC technology provides a viable option to transmit electricity to small distant 
loads. Despite the advantages of this technology in improving the supply of 
electricity to distant rural locations, HVDC technology is not being used in MVDC 
applications in South Africa. The present study aims to address this issue and 
demonstrate the feasib il ity of app lying HVDe technology in MVDC applications in 
the South African context. The proposed system will generate electricity from a 
renewable energy source (Nagle Dam) and will only use water that is intended for 
commercial use. Thus the purpose of the water will be two-fold (i) generating 
electricity and (ii) commercial use. This will minimise wastage of water. In the 
present study an HVDC transmission system for the rural location Kwa-Ximba a rural 
area in KwaZulu-Natal has been developed. A 20 MW hydro generating plant is sited 
adjacent to the Nagle dam, dam wall. The dam is sited in Kwa-Ximba. Catoridge is 
located 4Skm from the dam wall. The Georgedale network is sited approximately 
30km from the Catoridge substation. The present study addresses part of the problem 
the local community is presently facing, by providing an adequate supply of electrical 
power to the dam site, sufficient power for a water treatment plant to be sited adjacent 
to the dam wall thereby minimizing operating costs. At present raw water is 
transported to Durban with aqueducts, it is treated in Durban and then distributed to 
the various bulk reticulation reservoirs. Perhaps, if the water could be treated at the 
dam site and then gravity fed to Durban, customers (local municipalities) that are 
located along the aqueduct may be supplied water along its route. In this case a water 
treatment plant will have to be built at the dam site. This will have a significant saving 
on pumping costs, since Kwa-Ximba is a higher lying area to Durban. At present all 
raw water is first transported to Durban, it is purified then pumped to locations that 
are of higher altitude than it self. The Water Treatment plant in Durban was built 
approximately 45 years ago. 
This dam has been generating its own electricity since it was built during the Second 
World War. The hydro generating plant is rated at 31 SkY A and has an output Voltage 
of 400V. There are two generat ing sets installed and the plant is operated with one 
hydro generation plant on line and the other on standby. The power is presently being 
used to operate the dam. Due to location of the dam, Eskom was unable to extend its 
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network to the dam. Limited available power at the dam has therefore led to the water 
treatment plant being sited in Durban, approximately 55 km away from the dam site. 
The water from this dam presently supplies water to Durban central and surrounding 
areas. The local community who lives close to the dam are deprived fro m having 
purified drinking water, sewage and basic sanitation services, medical services and 
electricity. In addit ion, the local communities are unable to find employment. 
Modular, renewable energy power generation provides a cost-effective way to provide 
clean, affordable, and long last ing electricity solution to rural areas. Hydroelectric 
generation was chosen in the present study as it is an important source of renewable 
energy and provides significant flexibi lity in base loading, peaking, and energy 
storage applications. Whilst initial install capital costs are high, the inherent 
simplicity of hydroelectric plants coupled with a low operating and maintenance 
costs. long service li fe, and high reliabi lity make them a very cost effective and 
flexible source of electricity generation. Especially valuable is the operating 
characteristic of fast response for startup, loading, unloading, and fo llowing of system 
load variations. Other useful features include the ability to start without the 
availability of power system voltage ("black start capacity"). ability to transfer rapidly 
from generation mode to synchronous condenser mode and pumped storage 
application (Ramakumar, 1998). 
Hydro power stations convert water pressure into mechanical shaft. power, which can 
be used to drive the electrical generator. The vertical difference between the upper 
reservoir and the level of the turbine is known as the head. The water falling through 
his head gains kinetic energy that in turn imparts it to the turbine blades, and 
electricity is generated. The best turbines can have hydraulic efficiencies in the range 
of 80 to over 90% (h igher than most other prime movers), although this will reduce 
with size (Pa ish, 2002). 
A hydro power plant has the ability to start up quickly and the advantage that no 
losses are incurred when at stand st il l. The insta llation costs of small hydro power 
plants ranges from $800-$2000 per kW installed. Small hydro schemes utilize both 
synchronous and asynchronous generators, therefore they could have two contrasting 
stability properties. Low head turb ines tend to run more slowly and so either a 
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gearbox or mUltipoie generator is required (Jenkins el al., 2000). The majority of 
hydro generators that are connected to distribution networks are directly connected 
with synchronous generators. However, there are a few cases of hydro generators 
utilizing induction generators. Hydro generators have to be fitted with a governor, 
which aid the damping of generators. The main features of a governor include: 
• Speed control of the hydro turbine under different conditions of start up and 
load fluctuations. 
• Fast response to load imposition and load rejection 
• Shutting down inlet valve in case of over speed tripping 
An additional control that is usually fitted with a hydro generator includes an 
Automatic voltage regulator (A VR). An A VR helps to maintain nominal voltages on 
the connected bus, as well as controlling the amount of active as well as reactive 
power that is injected into a network. 
The proposed installation should prove to be technically feasible and financially 
viable with reasonable contingencies for revenue generation and capital investments 
costs. The power rating of the interconnectors was first determined. Thereafter the 
most economic design for the required power rating was optimized. This involved a 
balance between the operating voltage and current, based on cable cost, converter 
cost, number of poles and energy losses. In the present study the feasibility of using 
an HVAC system to transmit power from the hydroelectric generator to Kwa·Ximba 
was also investigated. This was done in order to do a comparat ive analysis between 
the HVDC and HVAC systems with regards to system stabi lity and cost. Line 
extension from Eskom's existing AC Catoridge-Georgedale sub-transmission network 
with the hydroelectric generation scheme switched off was also considered in the 
present study. 
The transmission system needs to be developed to be robust and fully functional in 
order to attract investor confidence to develop small to medium size industries to the 
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Kwa-Ximba rural location. In return, this wi ll enable central government to build 
more schools, hospitals, clinics, develop roads, install street lights and provide more 
cost effective housing. 
1.7 Hypothesis 
HVDC technology can be used in a medium voltage distribution system to supply 
power from a hydroelectric generat ion scheme (Nagle Dam) to a small di stant rural 
location, Kwa-Ximba, and the excess power transmitted to Eskom's Catoridge-
GeorgedaJe sub-transmiss ion network for system enhancement. 
1.8 Objectives 
(i) To develop a hydroelectric generation scheme at Nagle Dam and 
determine and the scheme's present and predicted power output. 
(ii) To develop a HVDe and a HV AC system to transmit power from the 
hydroelectric generat ion scheme (Nagle Dam) to Kwa-Ximba and transmit 
the excess power to Eskom's Catoridge-Georgeda le sub-transmission 
network . 
(iii) To develop a network extension system from the Catoridge-Georgedale 
sub- transmission network to provide electrical power to Kwa-Ximba, with 
the hydroelectric generation scheme switched off. 
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CHAPTER TWO 
LITERA TORE REVIEW 
2.1 Electrical power 
The development of the Electric Power Industry follows closely the increase of the demand 
on electrical energy (Sitnikov et al., 2004). With the arrival of the electric light bulb in the 
homes and factories of late 19th century Europe and the USA, demand for electricity grew 
rapidly. New and efficient ways to generate and transmit electrical energy were being 
investigated. 
Early electric power distribution schemes used direct current (DC) generators located near 
customer's loads. As electric power use became more widespread, the distances between 
loads and generating plant increased. Since the flow of current through the distribution wires 
resulted in a voltage drop, it became difficult to regulate the voltage at the extremities of 
distribution circuits. Higher voltages were used to reduce the resistive loss in the conductors 
for transmitting a given quantity of power. 
2.2 High Voltage Alternating Current (HVAC) 
AC came to dominate as a means of interconnection between generation plants and 
machinery. The principal advantage of AC is the possibility of using transformers to 
efficiently transfonn voltage used in power transmission. The abi lity to transform voltages is 
an important economic and technical consideration. A high voltage is useful for 
transmission since it reduces loss in the fonn of heat developed in the circuit conductors, 
while a low voltage is convenient for utilisation equipment such as lamps and motors. With 
the development of efficient AC mach ines, such as the induction motor, AC transmission 
became the nonn (Asplund et aI., 2003). 
The ability of AC to be effectively transformed in voltage a number of times during 
transmission led it to become, and remain, the dominant means of electrical power 
transmission. As the AC systems grew and power increasingly was being generated far from 
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where most of its consumers lived and worked, long overhead lines were built, over which 
AC at ever-higher voltages flowed. To bridge expanses of water, submarine cables were 
developed. 
Medium voltage direct current (MVDC) transmission can be used to bridge greater distances 
with low voltage and low power. MVOC can be considered as in-line compensation in the 
sense that it consists of a DC link with a voltage source converter (VSC) connected at either 
end (Povh, 2000) 
2.3 High Voltage Direct Curren t (HVDC) 
In the second half of the past century, High Voltage DC Transmission (HVDC) has been 
introduced, offering new dimensions for long distance transmission. This development 
started with the transmission of power in an order of magn itude of a few hundred megawatts 
and was continuously increased to transmission ratings up to 3 - 4 GW over long distances 
by just one bipolar line. By these developments, HVDC became a mature and reliable 
technology. Almost SO GW HVDC transmission capacities have been installed worldwide 
up to now, transmission distances over J 000 to 2 000 km or even more are possible with 
overhead lines. Transmission power of up to 600 - 800 MW over distances of about 300 km 
has already been realized (Breuer and Lei, 2004). Although direct current had been beaten 
at the starting gate in the race to develop an efficient transmission system, engineers had 
never completely given up the idea of using DC. Attempts were still being made to build a 
high-voltage transmission system with series<onnected DC generators and, at the receiving 
end, series-connected DC motors all on the same shaft. This worked, but it was not 
commercially successful (Asplund et al., 2003). HVDC technology has become a mature 
technology over the past 50 years and reliably transmits power over long distances with very 
low losses. Present HVDC-transmission technology was developed during a period from the 
end of the twenties and resulted in the first commercial transmission system, GotJand, in 
1954. 
Since then there has been a lot of development and refinements of HVDC technology such 
as the development of thyristor valves, lowering of losses, more advanced control and 
protection, lower hannonics and lower aud ible sound. 
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Currently HVDC technology is used to transmit electricity over long distances by overhead 
transmission lines or submarine cables. It is also used to interconnect separate power 
systems. In cases where traditional alternating current (AC) connections can not be used in 
a high VOltage direct current (HVDC) system, electric power is taken from one point in a 
three·phase AC network, converted to DC in a converter station, transmitted to the receiving 
point by an overhead line or cable and then converted back to AC at the inverter stat ion and 
injected into the receiving AC network. Typically, an HVDC transmission has a rated JX>wer 
of more than 100 MW and many are in the I 000 - 3 000 MW range. HVOC 
Transmissions are used for transmission of power over long or very long distances, because 
it then becomes economically attractive over convent ional AC lines. 
With an HVDC system, the power flow can be controlled rapidl y and accurately as to both 
the power level and the direction. This possibility is often used in order to improve the 
perfonnance and efficiency of the connected AC networks. The present technology has, 
however, some inherent weaknesses, which to some extent limit the use of HVDC as the 
means to overcome these weaknesses are relatively expensive. The most im portant 
weaknesses are the need for rotating machines in the rece iving network and the risk of 
commutation failure, which means that for some cycles there is no transmission of power. 
HVOC has exceeded all market expectations (Cook et al., 1999). 
2.3.1 Commercial HYDC transmission developments 
The world's first commercia l HVDC transmission link, was built in the Baltic sea 
between the Swedish mainland and the island of Gotland in 1954 (Asplund et al. , 
2003). This project resu lted in fu rther development of the mercury arc valve and high· 
voltage DC cable, and also initiated design work on other components for the converter 
stations. Among the equipment that benefited from the increased efforts were transfonners, 
reactors, switchgear and the protection and control equipment. 
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Fig.2. 1 Mercury-arc valves in the first Gotland link in 1954 (Asplund el 01., 2003) 
Only some of the existing AC system technology could be applied to the new DC 
system. New technology was therefore necessary. Subsequently, a concept was 
developed for the Gotland system. This proved to be so successful that it has remained 
basically unchanged right down to the present time. Since Got land is an island and the 
power link was across water, it was a lso necessary to manufacture a submarine cable 
that could carry DC. It was seen that the ' class ic' cable with mass impregnated paper 
insulation that had been in use since 1895 for operation at 10 kV AC had potentia l for 
further development. Soon, thi s cable was being developed for 100 kV DC. The 96 km 
submarine cable for the first Gotland HYDC link - Gotland I - was laid in 1953 
between Y~stervik on the Swed ish mainland and Ygne, Got land (Green, 2004). 
The Gotland HYDC transmission link had a rating of20 MW, 200 A and 100 kY. Fifty 
years on, HYDe technology has evolved considerably and plays an important role in 
electricity networks all over the world . The first link between Gotland and the Swedish 
mainland was a 20 MW, 150 kV link. Around 70 000 MW of HYDe transmission 
capacity is now installed around the world in more than 90 projects (Green, 2004). 
Although the development of mercury arc valves was essential to the success of the 
first HYDe link, the technology had limitations. The invention of the thyristor in 1957 
presented new opportuniti es, however, and in 1967 one of the mercury arc va lves at 
Gotland was replaced with a thyristor va lve. After a year-long trial, a complete thyri stor 
valve group was installed in each converter station, representing the first time that 
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thyristor valves were used in a commercial HYDC link. This development allowed the 
link's voltage to be increased to 150 kY and its transmission capacity to 30 MW. 
The original Gotland link was to see 28 years of successful service before being finally 
decommissioned in 1986. Two new links for higher power supply have meanwhile been 
built between the island and the Swedish mainland, one in 1983 and the other in 1987. 
The first HVDC connection across the English Channel went into service in 1961 between 
the British nuclear power station Lydd and the French static inverter station Echingen. This 
scheme equipped with mercury steam valves used, in order to keep the disturbances of the 
magnetic compasses of the ships as small as possible, a bipolar cable with a length of 64 
ki lometers, which was operated symmetrically with a voltage of lOOkY and a maximum 
current of 800 ampere. The maximum transmission power of this facility was therefore 160 
megawatts. Because this installation did not meet the increasing requirements any longer, it 
was replaced in 1986 by a new HVDC line between France and Great Britain consisting of 
two bipolar submarine cables with a length of 72 kilometers. This line can transfer at an 
operating voltage of 270kY a maximum power of 2000 megawatts (Goodrich and 
Anderson, 2001). 
During the 1960s several HVDC links were bui lt. The eastern and western sections of Japan 
have been interconnected since 1965 through a HYDC frequency convert ing station located 
at Sakuma with a converting capacity of 300 MW. Two 125 kY, 37.5 MW three-phase 
bridge thyristor converters were installed at the Sakuma Testing Station in 1970 and have 
established confidence in the design of thyristor valves for hvdc power transmission 
(Horichui and Kato, 1974). 
A HYDC li nk which was commissioned in 1965 connects the power systems of New 
Zealand's North and South Islands. On average 80 per cent of New Zealand's electricity 
energy production is from hydroelectric sources, most of which is produced in the 
South Island. However, the North Island accounts for a lmost two thirds of the total 
electricity energy demand and has a peak load almost twice that of the South Island. 
The capacity of the link is 1040 MW and it operates at voltages of 270 kY and 350 kY. 
In 1991 the HYDe was upgraded to I 240MW (Gleadow et ai, 1991). 
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In contrast to most other installations for HVDC transmission the HVDC ltaly·Corsica-
Sardinia system is a multi point system making possible the energy exchange between 
several static inverter stations. The sysem is used for the exchange of electric energy 
between Italy. Corsica and Sardinia. It was developed in 1965. It consists of three overhead 
line sections, one on the Italian mainland with a length of 50km, one on Corsica with a 
length of 167km and one on Sardinia with a length of 87km. In addition to th is, there are 
two submarine cable sections, 103 km (between Italy and Corsica) and 15 km (between 
Sardinia and Corsica). Until the I 990s mercury steam electric rectifiers were used, which 
have now been replaced by thyri stors. In t 992 a second pole was taken in service, which can 
transfer 300MW at a voltage of200kV (Mazzoldi el al., 1989). 
Although many of these projects have since been replaced or upgraded with thyristor 
va lves, some are still in operation today. after 30 to 35 years of serv ice. Today, 
conventional HVDC technology is proving its worth in projects such as the Three Gorges 
links in China, which evacuate power to major load centres in Guangdong and Shanghai. 
The 850·kilometer power link came into commercial operation in 2003. HVDC has been 
used in projects such as the Cross Sound Cable link in the USA. which was instrumental in 
restoring power quickly to consumers after the blackout of August 2003 (Green, 2004). 
2.4 HYDe transmission system configuration 
A common configuration for interconnecting two unsynchronised grids is the back to back 
HVDC li nk. With the back to back link the AC to DC converters are housed in the same 
bui lding. Station to station links, where two inverter/rectifier stations are connected by 
means of a ded icated HVDC link is also commonly used. Station to station configuations 
are used in connecting unsynchronised grids, long distance power transmission, and in 
undersea cables. The use of three or more stations is reff'ered to as multiterminal HVOC 
power transmission and is rarer than the other two configurations,. This is due to the high 
cost of the invettinwrectirying stations. The configuration of multiple terminals can be 
series, parallel, or a mixture or series and parallel. 
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2.4.1 Monopoleand bipolesystems 
HVDC interconnections as either monopole or bipolar systems. A monopole system has a 
single, high voltage conductor and usually uses the earth or sea to prove the return path for 
the current by means of an electrode return. A single set of ACIDC converters is required 
(one converter pole at each end). Bipole systems transmit power through two high voltage 
conductors of opposite polarity. Two sets of AC!DC converters are required at each end. 
The size of the monopole system is more lim ited than that of a bipolar system. This is 
because the largest practical size for a DC cable is 2 500 mm1• which limits the current that 
can be carried. Therefore to transmit more power than a 2 500 mm2 can handle' two cables 
are required, and bipole systems become more attractive for their operational advantages as 
costs become comparable with monopole systems. These factors limit underground cables 
to a maximum of 700-800 MW. 
Bipole systems offer several advantages over monopole system. The bipole system can 
carry twice as much power as a monopolar link, typically 3 000 MW. The current is the 
same, but the potential difference between the wires is doubled. Furthennore bipole systems 
continue to operate despite a fault in one of the wires or in one module of the converter 
equipment, by using the earth as a backup return path. Bipole systems also eliminate the 
need for elctrodes which offers a more enviromentally friendly solution. The cost difference 
of producing monopolar and bipolar cables is less than might otherwise be imagined 
(Woodford, 1998). Multi-tenninal HVDC links, connecting more than two points, are 
possible but rare. An example is the 2000 MW Hydro Quebec system opened in 1992. 
2.4.2 Rectifying and Inverting Components 
No equivalent of the transfonner exists for direct current, so the manipulation of DC 
voltages is considerably more complex. The introduction of the fully-static mercury arc 
valve in 1954 marked the beginning of the modem era of HVDe transmission. However, 
this technology presented some difficulties in predicting the behavior of the valves 
themselves. Power transmission by the use of mercury arc valves was much more 
complicated than transmitting power by using rotat ing electrical machines and transfonners. 
While electrical machines and transfonners can be designed with great precision with the 
aid of mathematically fonnulated physical laws, the design of the mercury~arc val ve must be 
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based to a large degree on empirically acquired knowledge. When trying out higber 
voltages, one is confronted by specific physical challenges. In a power line or higb-voltage 
apparatus raising the voltage is met by increasing the insulation clearances. 10 the mercury 
vapour atmosphere of the mercury-arc valves it does nol help at all to increase the spacing 
between the electrodes. Also. mercury valves could not always absorb the reverse voltage, 
arc-backs occurred. They also required regular maintenance where absolute cleanliness was 
critical. 
In 1957 a host of new opportunities were presented by the invention of thyristor valves, 
which eventually replaced mercury arc valves. The thyristor valve was first used in HVDC 
systems in the 1960s. 
Fig. 2.2 The world's first thyristor va1ves (Asplund et al. , 2003) 
With the advent of thyrislor valves it became JX)ssible to simplify the converter stations, and 
semiconductors have been used in all subsequent HVDC links. Asea Brown Severi teamed 
up with Siemens and AEG in the mid-1970s to build the 192(}'MW Cahora Bassa HVDC 
link between Mozambique and South Africa The same group then went on to build the 
2()(J().MW Nelson River 2 link in Canada. This was the first project to employ water-<XlOled 
valves. 
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Because the voJtages in HVOC systems, around 500 kY in some cases. exceed the 
breakdown voltages of the semiconductor devices, HVDC converters are built using large 
numbers of semiconductors in series. The low-voltage control circuits used to switch the 
thyristors on and off need to be isolated from the high voltages present on the transmission 
lines. This is usually done optically, In a hybrid control system, the low-voltage control 
electronics sends light pulses along optical fibres to the high-side control electronics. 
Another system, called direct light triggering, dispenses with the high-side electronics, 
instead using light pulses from the control electronics to switch light-triggered thyristors 
(L ITs). The use of L ITs reduces the number of componenets in the thyristor valve by 
60% which results in increased reliability and aviablibity of the trasnmission system 
(Ammon, 2000). 
Rectification and invers ion use essential ly the same machinery. Many substations are set up 
in such a way that they can act as both rectifiers and inverters. At the AC end a set of 
transfonners, often three physically separate single-phase transfonners, isolate the station 
from the AC supply, to provide a local earth, and to ensure the correct eventual OC voltage. 
The output of these transfonners is then connected to a bridge rectifier of a number of 
valves. The basic configuration uses six valves, connecting each of the three phases to each 
of the DC rails. However, with a phase change only every sixty degrees, considerable 
hannonics remain on the DC rails. An enhancement of this configuration uses twelve 
valves (often known as a twelve-pulse system). The AC is split into two separate three phase 
supplies before transfonnation. One of the sets of supplies is then con figured to have a 
gamma secondary, the other a delta secondary, establishing a thirty degree phase difference 
between each of the sets of three phases. With twelve valves connecting each of the t\vo sets 
of three phases to the two DC rails, there is a phase change every thirty degrees, and 
hannonics are considerably reduced. 
In addition to the conversion transfonners and valve-sets, various passive resistive and 
reactive components help eliminate hannonics on the DC rail s. 
2.5 Voltage Source Converters (VSC) 
Phase Commutated Converter (PCe) technology was originally used as HYDC converters 
(Asplund, 1998). ?CC is now almost totally replaced by VSC (Voltage Source Converter) 
technology. The fundamental difference between these two technologies is that YSCs need 
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components that can switch off the current and not only switch it on, as is the case in PCCs. 
In a YSC, the current can be switched off without the need for a network to commutate 
against. 
2.5.1 Voltage Source Converter (VSC) and Integr ated Gate Bipola r T ransistor 
(IGBT) 
In recent years, voltage source converter technology has made great progress through the 
development of high power self-turn off type semiconductor devices. The ratings for 
converters of th is type in practical application has already reached as high as I OOMV A and 
above (Susuki, 2001). In HVDC-applications it could also be of interest to use VSC 
Technology in order to supply "dead" networks, that is areas which lack rotating machines 
or does not have enough power in the rotating machines (too low short circuit power) 
(Eriksson, \998). 
The advantages of using YSC for DC transmission include the following (i) Independent 
control of active and reactive power, (ii) operation against isolated AC networks with no 
generation of their own, (iii) can operate at any short circuit ratio, (iv) limited need of filters, 
(v) no converter transfonners and (vi) can connect isolated generators to the grid or to other 
isolated loads (Asplund et 01., 1 997a; Asplund et al .• 1997b; Axelsson et al. , 1999; 
Grunbaum et al., 1999, Hammad et aI., 1989). 
The VSC convertor has a simple and straightforward circuit solution. VSC-based HVDe 
transmission util izes several important technological developments: (i) high voltage valves 
with series-connected IGSTs, (ii) Compact, dry, high-voltage DC capacitors (iii) high 
capacity control system and (iv) solid dielectric DC cable. 
19 
6 
~I I ~~ 
I I I 




tu ~I ~~ j UJ UJ tJ L.LL 
Fig. 2.3 Typical HVDC transmission link with vollage source converters (Asplund et al .• 1998) 
Key: 
I. Filter 
2. Converter reactor 
3. Converter valve 
4. Commutation capacitor 
5. Connection to cable 
6. Converter 
This provides for a compact and robust mechanical design. by which the convertor 
equipment is placed in simple module type housings. A VSC convertor station with ratings 
up to 20 MW and below 30 kV occupies an area less than approximately 250 square meters. 
The modular design gives the opportunity to preinstall the equipment at the factory and run 
highly complete tests before shipment. 
The technical simplifications such as small mters, no or simplified transformers, less 
switching equipment and simple civil works contribute to small footprint and easy handling. 
The plant production process is based on a set of standardized sizes with module drawings 
ready on the shelf. The need for engineering will thereby be l.im.ited and for a normal project 
basically all equipment will be defmed from start. The simple circuit solution makes it 
possible to design a station, that does not need stops for regular scheduled maintenance. The 
scheduled maintenance could be limited to checking of movable equipment such as pumps 
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and fans for cooling, resins for cool ing water quality and batteries. Auto monitoring of status 
so that fau lts will be automatically detected and alerted (Stendius and Eriksson, 1999) 
IOBTs were introduced in the 19805. IOBTs were designed for power applications, It is a 
device which combines MOS gate control and bipolar current flow mechanisms, featuring 
high current, high voltage operation and high input impedance at the same time. The IGST 
is a cross between the bipolar and MOSFET transistors. The IOBT has the output switching 
and conduction characteristics of a bipolar transistor but is voltage-controlled like a 
MOSFET. In general, this means it has the advantages of high -current handling capability of 
a bipolar with the ease of control of a MOSFET (Pathal<, 200 1). 
The power required to control the IOBT is very low, compared to the power requirements of 
Phase Commutated Thyristor Valves. This makes series connection possible with good 
voltage distribution even at switching frequencies in the kHz range. The voltage of the 
IOBTs components has recently reached 2.5 kV and higher voltages are expected due to the 
fast development of lGBTs (Linder, 2003). 
The main advantages of converters with IOBTs are high impedance gate wh ich require low 
energy to switch the device high switching frequency due to short switching times and by 
that low switching losses. The objective for the DC capacitor is primarily to provide a low 
induct ive path for the turned off current and an energy storage to be able to control the 
power flow. The capacitor also reduces the hannonics on the DC side, The converter 
generates characterist ic hannonics related to the switch ing frequency. The hannonic 
currents are blocked by the converter reactor and then the hannonic contents on the ac bus 
voltage is reduced by a high-pass filter. The fundamental frequency voltage across the 
reactor defines the power flow between the AC and DC sides (Chokawala et al., 200 I). 
A special gate unit and voltage divider across each lOST maintain an even vo ltage 
distribution across the series connected IGSTs. The gate un it not on ly maintains proper 
voltage sharing within the valve during nonnal switching conditions but also during system 
disturbances and fault conditions. A reliable short circuit failure mode exists for individual 
IGSTs within each valve position, Depending on the converter rating, series-connected 
IOBT valves are arranged in either a three-phase, two-level or three-level bridge. In three-
level converters, lOST valves may also be used in place of diodes for neutml point 
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clamping. Each IGST position is individually controlled and monitored via fiber optics and 
equipped with integrated antiparallel, free-wheeling diodes. Each IGBT has a rated vo ltage 
of2.5 kV with rated currents up to 1500 A. Each VSC station is built up with modular valve 
housings which are constructed to shield electromagnetic interference (EMJ). The valves are 
cooled with c irculating water and water to air heat exchangers. PWM switch ing frequencies 
for the VSC typically range between 1-2 kHz depend ing on the converter topology, system 
frequency and specific application. Each VSC is effectively mid-point grounded and 
coupled to the AC bus via phase reactors and a power transfonner with intennediary shunt 
AC filters. The AC filters are tuned to multiples of the switch ing frequency. This 
arrangement minimizes hannonic content and avoids dc vOltage stresses in the transfonner 
which allows use of a standard AC power transfonner for matching the AC network voltage 
to the converter AC vo ltage necessary to produce the desired DC transmission voltage. DC 
capacitors are used across the dc side of the VSC. For transmission applications there may 
also be DC filters and a zero-sequence blocking reacto r. The filters and zero sequence 
reactor are used to mitigate interference on any metallic telephone circuits that run adjacent 
to the DC cables. The total capacitance of the pole to ground DC capacitors vary with the 
application. DC capacitance is higher for VSC used for flicker mitigation (Asplund, 2000). 
2.5.2 VSC using PWM Technology 
All power electronic converters operate using a switch ing process, whereby the required 
output voltage or current is made up of a series of pulses. which are switched through from 
the input by a modulation process and then filtered to create a smooth average result. The 
most effective strategy for controlling a converter in this way is called " Pulse Width 
Modulation" (PWM), which has been the subject of intense and continuing research for over 
30 years. 
With the introduction of high switching frequency comJxments such as IGBTs it becomes 
advantageous to build VSCs using PWM Technology. PWM is a powerful technique for 
controlling analogue circuits with a processor's digital outputs. PWM is employed in a wide 
variety of applications, ranging from measurement and communicat ions to power control 
and conversion (Barr, 2001). In the PWM bridge switching very fast between two fixed 
voltages creates the AC-voltage. The desired fundamenta l frequency voltage is fonned 
through low pass filtering of the high frequency pulse modulated voltage. With PWM it is 
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possible to create any phase angle or amplitude (up to a cenain limit) by changing the PWM 
pattern, which can be done almost instantaneously. Hereby PWM offers the possibi lity to 
control both active and reactive power independently. Th is makes the PWM VSC a close to 
ideal component in the transmission network. 
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Fig. 2.4 Control of VSC based transmission (Bahrman et aJ ., 2002) ; 
P - Active power; Q - Reactive IXlwer 
From a system point of view it acts as a motor or generator without mass that can control 
active and reactive power almost instantaneously. Furthennore, it does not contribute to the 
short circuit power as the AC current can be controlled (Asplund et al., I 997a). If the 
available switching components can only switch with low frequency, Fundamental 
Frequency Commutation (FFC) will probably be the right technology. If higher switch ing 
frequency components are avai lable it is possible to use PWM Technology. With PWM, 
only one converter is needed and the AC voltage is created by switching very fast between 
two fixed voltages. After low pass filtering the desired fundamental frequency voltage is 
created. In this case the transfonner arrangement is very simple and it is not even necessary 
to have a transfonner for the functioning of the converter (Bahnnan et al., 2003). 
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The AC-voltage is created by switching very fast between two fixed voltages. Low pass 
ftltering of the higb frequency pulse modulated voltage is used to create the desired 






Fig. 2.5 PWM pattern and the fundamental frequency voltage in a Voltage Source Converter 
T • Time; U - Voltage; VAC - AC voltage; USW - Converter PWM voltage (Eriksson et al., 
1998) 
Reactive power generation and consumption of an HVDC converter can be used for 
compensating the needs of the connected network within the rating of a converter. As the 
rating of the converters is based on maximum currents and voltages the reactive power 
capabilities of a converter can be traded against the active power capability. The combined 
active lreactive power capabilities can most easily be seen in a P-Q diagram (positive Q is 






Fig. 2.6 Voltage Source Convener using PWM, VAC - AC voltage; UDC - DC voltage; 
USW - Converter PWM voltage, I - OCcapacitor. 2- (GBT valve, 3 -Converter reactor, 4 -
Filter (Eriksson et al .• 1998) 
No reactive (Xlwer compensation equipment is needed at the station, only an AC-filter is 
installed. While the transmitted active power is kept constant the reactive power controller 




2.5.2.1 Typical layout of a 2O-MW converter station 
Key: 
I. AC filler 
2. AC connection 
3. Converter reactors 
Fig 2.7 Model of a typical layout of a 2o.MW converter stalion (Asplund et al. , 1998) 
_0 
Key: 
C - Cost per kWh 
o -Distance from AC grid 
Beige - Local diesel generation 
Blue AC plus overhead line 
Red HVDC Light with cable 
Green Energy cost for AC grid 
Fig. 2.8 Comparison of typical costs for AC and DC transmission and local diesel generation 
(basis: 20 MW) (AspJund er at., 1998) 
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The cost for HVDC land cables are typically lower than for AC cables. in two of the 
projects performed the cables have been ploughed into the ground instead of laying in 
excavated cable trenches. This has reduced the installation costs substantially. 
2.6 HVDe cables 
The primary function of cables is to carry energy reliably between source and utilisation 
equipment. in carrying this energy there are heat losses generated in the cables that must be 
dissipated. The ability to dissipate these losses depends on how the cables are installed and 
this affects their ratings. 
Underground cables are used in power distribution networks in cities and densely 
populated areas. Cable technology has developed greatly in the last few decades. 
Cables are usually more expensive than overhead lines at all supply voltages with a cost 
ratio of about 20,8 and 2 at 400, 32, and 11 KV respectively (King and Halfter, 1982). 
Unti l now, cables used for HVDC transmission and distributions have been paper-
insulated cables, low-pressure oil filled cables (LPOF) or Mass impregnated non-
Draining Cables (MIND). Low-pressure oil filled cables need auxiliary equipment to 
maintain the oil pressure and cannot be easily installed. There are also environmental 
oil sp ill concerns that are associated with low-pressure oil filled cables. Mass 
impregnated non-draining cables have limitations in the operating conductor 
temperature. Paper insulated cables are not feasible for aerial cables because of their 
sensitivity of repeated bending (Eriksson, 200 I). 
In HVDC there has been a change of technology going from paper insulated cables to 
extruded cables, mostly the new cables have insulated extruded polymer. The insulation 
system is triple extruded. The conductor screen, the insulation and the insulation screen 
are extruded simultaneously. 
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Fig. 2.9 Triple extruded HVDC cable ( 100 - 150kV) (Stendius and Eriksson, 1999) 
The cable is rated for lOO - 150 kV, with a current carrying capacity of less than I 200 
amps. The cable weighs between I - 6.5 kg/m. The copper conductors are screened 
and wrapped with an overall sheath made of HDPE type material . 
Fig. 2.10 Coppercondtx:ta with triple extruded insuJation system rated fa SO-lOO kV HVOC application ~ 
conductascreen, HVDC polymer insulalion, insulation screen 
Armouring· Lead sheath, steel wire armour, cross wire steel armour (Asplund et al. , 2000) 
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The above cables are robust and can be installed by using a cost effective ploughing 
method of installation. 
The preference of extruded cables for applications in HVDC is now becoming a market 
trend. Cross-linked polyethylene (XLPE) cables are not su ited for HYDC applications 
due to the existence of space charges in the insulation leading to uncontrolled local high 
electric fields causing dielectric breakdowns. Another reason has been uneven stress 
distribution due to temperature dependent resistiv ity causing overstress in the outer part 
of the insta llation. 
The first HYDC submarine mass impregnated non-draining cables were, 100km long 
and was installed in 1954 between the Swedish mainland and Gotland, showed no 
ageing after 32 years of operation. A long-term test on HYDC light cable with 
terminations has been conducted for a period of250 days. The purpose was to qualify 
the cable for a rated voltage of 123kY DC. The test voltage of 21 OkY DC (Eriksson et 
al., 1998). 
Contrary to the case with AC transmission, distance is not the factor that determines the line 
voltage. The only limit is the cost of the line losses, which may be lowered by choosing a 
cable with a conductor with a larger cross section. Thus, the cost of a pair of DC cables is 
linear with distance. A DC cable connection could be more cost efficient than even a 
medium distance AC overhead line, or local generating units such as diesel generators. The 
converter stations can be used in different grid configurations. A single station can connect a 
DC load or generating unit, such as a photo-voltaic power plant, with an AC grid . Two 
converter stations and a pair of cables make a point-to point dc transmission with AC 
connections at each end. Three or more converter stations make up a De grid that can be 
connected to one or more points in the AC grid or to different AC grids. 
HVDC cable development work with the objective to type test an extruded HVOC cable, 
was initiated a couple of years ago. It has now resulted in an extruded cable for HVDe that 
is an important part of the HYDe concept and opens new opportunities for future power 
transmission and distribution. 
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The robustness opens for new cable applications, (1) direct ploughing of underground 
cables, (2) insulated aerial cables and (3) submarine cables for severe conditions. 
Fig. 2.1 t Ploughing of the HVOC Lighl Cable (Manesson et al. , 2004) 
Fig.2.12 Low COSI inSlallalion with ploughing (Cook et al., 1999) 
2.6.1 Magnetic field of HVDC bipole 
HVDC cables are operated in biJXllar mode, one cable with positive (X>larity and one cable 
with negative (X>larity. HYDe single core cables are installed close in bipolar pairs with 
antiparallel currents and thus eliminating the magnetic fields. A classic monopolar HYDe 
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cable scheme with a current of 1000 A gives a magnetic field of the magnitude 20 
micro Tesla at a distance of 10 meters. This is about half the magnitude of the natu ral 
magnetic field from earth. With bipolar HVDe cables the magnetic field is reduced to 
less than 0.2 micro Tesla. 
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Fig. 2.13 Iso-Tesla curves for 300 MW HVDe submarine and land cables (Asplund er al., 2000) 
As the converter station ratings increased, SO too did the powers and voltage levels for which 
the HVOC cables had to be built. The most powerfu l HYOC submarine cables to date are 
rated 600 MW at 450 kV. The longest of these are the 230 km cable forthe Baltic Cable link 
between Sweden and Gennany, and the 260 km cable for the SwePo\ link between Sweden 
and Poland. The HVDC extruded cable is the outcome of a comprehensive development 
program, where space charge accumulation, resistivity and electrical breakdown strength 
were identified as the most important material properties when selecting the insulation 
system. The selected material gives cables with high mechanical strength, high flexibility 
and low weight. Extruded HVDe cables systems in bipolar configuration have both 
technical and environmenta l advantages. The cables are small yet robust and can be installed 
by ploughing. making the installation fast and economical. 
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2.6.2 Application of HYDC marine and land cable 
HVDC cables with insulation of extruded polymer and specifically adapted for direct 
voltage. On March 10, 1997 power was transmitted on the worlds flfSt Voltage Source 
HVDC transmission between Hellsjon and Grnngesberg in central Sweden. Two and a half 
years of excellent operation experience has shown, that the technology is mature. Four 
commercial transmissions are under design, manufacturing and commissioning. Especially 
in cases, where AC transmission is difficult from environmental, technical or economical 
point of view HVDC offers an environmentally friendly solution, which makes the 
permission process simpler. 
2.7 Impact of HYDC on the environment 
The HVDC is an environmentally friendly solution which makes the pennitting process fast 
and smooth. The stations are small and compact which minimizes the visual impact Tht:: 
current, flowing in a pair of cables, generates no electromagnetic field since the cables are 
installed close to each other. The cables can be buried in existing right of ways such as rail 
ways, roads or under an existing over-head line. Thus the impact on the environment is 
reduced to an absolute minimum. 
In general, it is getting increasingly difficult to build overhead lines. Overhead lines change 
the landscape, and the construction of new lines is often met by public resentment and 
political resistance. People are often concerned about the possible health hazards of li ving 
close to overhead lines. In addition, a right-of-way for a high voltage line occupies valuable 
land. The process of obtaining pennissions for building new overhead lines is also becoming 
time-consuming and expensive. Laying an underground cable is a much easier process than 
building an overhead line. 
A cable does not change the landscape and it does not need a wide right-of-way. Cables are 
rarely met with any public opposition, and the electromagnetic field from a DC cable pair is 
very low. A pair of HYDe cables can be ploughed into the ground. Despite their large 
power capacity, they can be put in place with the same equipment as ordinary, AC high 
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voltage distribution cables. Thus, HYDe is ideally suited for feeding power into growing 
metropol itan areas from a suburban substat ion. 
Connecting to small scale, renewable power generation plants to the main AC grid is now 
economically feasible due to HVDC technology. Remote locations such as islands, mining 
districts and drilling platfonns can be supplied with power from the main grid using the 
same technology. This elim inates the need for inefficient, polluting local generation diesel 
units. Underground cables replace overhead lines at no cost penalty. HVDC also has control 
capabi lities that are not present in AC systems. 
AC transmission and distribution technology has made it possible to locate generating plants 
in optimum locations, and to utilise them efficiently. Th is has also resulted in great 
environmenta l gains. Thennal plants have been located where they can be supplied with fuel 
through an efficient transportation system, thereby reducing waste and pollution. Hydro 
plants have been located where the hydro resources can be used at the greatest advantage. 
Large generating plants have meant fewer ovcrhcad lines than a multitude of smaller 
generating plants would have required. 
However, today'S AC transmission and distribution systems are, at least in principle, based 
on ideas that haven ' t changed much since a hundred years ago to generate power, step up 
the voltage with transfonners, transm it power, step down the voltage and distribute power. 
Despite their proven advantages, it is difficult and expensive to adapt AC transmission and 
distribution systems to the numerous small scale generating plants that are being built, or to 
the increasingly complex and variable production and load demands. 
Environmental concerns and regulations also put heavy restrictions on build ing new right-
of-ways and on small-scale, fossil fuelled generating plants, such as diesel generating plants. 
These new trends require networks that are flexible. The networks must be able to cope with 
large variations in load and frequent changes in production patterns, with tougher 
environmental regu lat ions. Also, in such flexible networks, the power flow and the voltages 
require precise control in order to make the grids stable and economical. 
A DC link, connecting two such networks, can be used for combining the generation 
capacities of both networks. Cheap surplus power from one network can replace peak power 
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generation in the other. This will result in both reduced pollution leve ls and increased fuel 
economy. The power exchange between the networks is also very easy to measure 
accurately. 
HYDC technology saves the environment by replacing remote foss il fuelled diesel 
generators with cost-efficient transmission of power from efficient and clean, large-scale 
generation production units. The efficiency of a modem, large scale, thermal generating 
plant is usually 25 percent higher than that for a modem, small or moderate scale diesel 
generator plant. Vice versa, HVDe provides a convenient and cost-effective way for 
connecting renewable and non-polluting energy sources as wind power fann s and 
photovoltaic power plants to a main grid. The HVDe technology in itself has strong 
environmental benefits. 
Since bipolar HVDC transm issions systems, do not inject any currents into the ground, the 
ri sk of stray currents in the ground causing disturbance to communication systems or 
causing corrosion on gas or oil pipelines is minimized. 
Overall, transmission by HYDe saves the environment by: - ( I) replacing local fossil-fue led 
generation with transmission from main AC-grid, (2) connecting small scale renewable 
power to main AC -grid, (3) cables instead of OH transmission lines, (4) virtually no 
magnetic field and (5) no ground currents because with bipolar transmission. 
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CHAPTER THREE 
METHODS OF ANALYSES AND RESULTS 
The objective of the srudy is to consider line poss ibility of providing power to the 
rural locat ion, Kwa-Ximba from a hydroelectric generation scheme and transmit the 
excess power to Eskorn 's Catoridge-Georgedale sub-transmission network for system 
enhancement. Currently the Catoridge-Georgedale network obtains power from 
Eskom's national grid. 
The following networks have been proposed in order to in order to provide 
Kwa-Ximba and Eskom's Catoridge-Georgedale sub-transmission nenvork with 
power, 
(i) Network A 
Power supply to Kwa-Ximba, and the Catoridge-Georgedale sub-transmiss ion 
network, from a hydroelectric generation scheme, using HVDe technology. 
(ii) Network B 
Power supply to Kwa-Ximba, and the Catoridge~Georgedale sub~transmission 
network, from a hydroe lectric generation scheme, using HVAC technology. 
(iii) Network C 
Power supply to Kwa~Ximba by extending Eskom's existing AC Catoridge~ 
Georgedale sub~transmiss ion network with the hydroelectric generation 
scheme switched off. 
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Network A (HYDC system) was considered as an option in order to determine the 
viability of using an HYDe system to supply electricity to Kwa-Ximba from the 
hydroelectric generation scheme situated at Nagle Dam and use the excess power to 
enhance Eskom's Catoridge-Georgedale sub-transm iss ion network. Network B 
(HYAC system) was considered in order to make technical and economical 
comparisons between using an HYDC or HYAC system for the same purpose. 
Network C was considered to determine if mere ly extending Eskom's existing 
network to Kwa-Ximba will be more viab le than using a hydroelectric scheme. 
The first a im of the study was to develop the hydroelectric generation scheme at 
Nagle Dam. The magnitude of the electrical power that can be generated from the 
hydroelectric scheme was determined by the effective head of the Nagle Dam wall 
and the change in flow rate per annum (due to changes in water demand). In order to 
determine the most efficient and cost effective use of generator sets, the flow rate, 
avai lab le hyd raulic power and available electrical power from the year 2006 to the 
year 2034 was calculated. The increase in flow rutc was based on an annual growth 
rate of 1.5% in water demand. The increase in electrical power demand for Kwa-
Ximba was calculated for the next 28 years based on an annual growth rate of 1.8 %. 
The annual growth rates were obtained from the Town Planning Department of 
eThekweni Municipality. 
Eskom's present infrastructure at the Catoridge-Georgedale sub-transmission network 
was investigated. There is no existing electrical infrastructure at Kwa-Ximba. In order 
to supply power to the location, basic infrastructure was proposed for Kwa-Ximba. 
This infrastructure was common to all three networks, in the present study. and 
included reticulation cables, transformers overhead lines and underground cables. 
Thereafter each proposed network was technically analyzed and detailed in network 
drawings. For Network A, HVDC cables, converter stations, additional transformers, 
power lines (AC) and busbars were se lected. For Network B. a HVAC overhead line 
was selected. The hydroe lectric scheme was used to generate power which was 
directly transmitted to Kwa-Ximba and the Catoridge-Georgedale sub-transmission 
network. For Network C, the hydroelectric generation scheme was switched otT and 
the present Catoridge-Georgedale sub-transmission network was extended to Kwa-
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Ximba. The Rectic Master software (2003) was used to optimize the selection the 
appropriate infrastructure for each Network. 
Technical analyses was conducted on each network via load flow analyses. Load 
flow analyses were conducted on the various networks, using the same power lines 
and busbars that const itute each of the Nel\vorks. This was done in order to determine 
effectiveness of each network. The Digsilent Powerfactory v13.1 (Build 249) software 
program was used for load flow ana lyses. 
Economical analysis was also conducted to detennine the (i) cost of each network and 
(ii) the annual net profit that can be derived from each network. Finally the technical 
and economical merits and demerits of each network were discussed. 
3.1. Development of the hydroelectric generation scheme at Nagle Dam 
3.1.1 Present and predicted power output 
There are currently two existing turbine-generating plants at Nagle Dam, which are 
rated at 315 kVA each. They are being used by Umgeni Water to provide power to 
the dam for maintenance and operations purposes. The power generated is 
proportional to the flow rate and the effective head. However, a high effective head is 
more desirable to increase power output because it reduces the required flow rate and 
hence the cross sectional area of the penstock. The height of Nagle Dam wall is 63 m. 
The present flow rate is 42.88m l /s. The available hydro power output of the proposed 
hydroelectric generation scheme based on the present flow rate (for the year 2005) is 
calculated as follows: 
Phydraulic = pgHQ .............• .•................................. (1) 
Where, 
Phydraulic = avai lab le hydraulic power (W) 
p ~ density of water (1 OOOkglrn') 
g = acceleration due to gravity (9.8Im/s2) 
Q ~ flow rate (rn'/s) 
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H = effect ive head (m) 
Available hydro power output for 200S based on the present flow rate of 
42.88ml/s: 
Substituting:-
H = effective head of dam wall = 63m 
and Q ~ 42.88m3/s into (I) 
Hence: Hydrau lic power available to drive hydroelectric generation scheme for year 
2005 ~ 26.50MW 
However, due to losses in the generation system the actual electrical power output has 
to be ca lculated. 
P eJecmc.J = pgH QJ)overall •.•..........•...•••••• ••• _ • ............. (2) 
Where, 
PeJectric:aJ = electrica l output power (W) 
D = overall efficiency (efficiency of turbine plus efficiency of alternator) 
Electrical power output for 200S based on the present flow rate of 42.88mJ/s: 
Subsliluling: 
Efficiency of turbine = 83% 
Efficiency of alternator = 90% 
Hence : Electrical power generated for year 2005 = 19.7MW 
The available hydraulic power for Nagle Dam for 2005 is thus 26.50MW and the 
electrica l power output is 19.7MW, due to generation losses in the system. Supplying 
power to the Kwa-Ximba rural area will inevitably result in a growth in the ru ral 
community. The deve lopment of small to medium industries is envisaged. This will 
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lead to an increase job creation and a decrease in migration to urban areas. These 
factors will contribute to an increase in water demand by Kwa-Ximba, Durban and 
surrounding areas. As water demand increases so will the flow rate increase 
accordingly. Proportional to the increase of flow will be an increase in the potential 
of power generation. It is, therefore. also necessary to calculate the available hydro 
power capacity and electrical power output for the future. This will ensure that the 
proper selection of electrical equipment that can handle or easily be upgraded to 
handle the increase in electrical demand in the next five years. The Town Planning 
Department of eTekweni Municipality estimates that the present power demand to 
develop Kwa-Ximba is 10MW. The Town Planners further estimate an average 
growth of 1.8% electrical power demand per annum and an average growth rate of 
1.5% water demand per annum for Durban (based on interview with Mr D. Thaver 
from the Town Planning Department of eThekweni Municipality. 200S). Table 3.1 
shows the available hydro power and electrical power based on an increase in flow 
rate of 1.5% projected for the next 29 years. 
The increase in flow rate for Kwa-Ximba and eTekweni Municipality was calculated 
for the next 29 years using the following equation:-
P 
= p aCt-to) 
o·e ........ . ....................................... .. .. .. ............... (3) 
a = average per unit growth rate = 1.5 % 
P = demand in year t 
Po = is the given demand in year 10. 
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Table 3.1 Flow rate, available hydro power and available electrical power 
from 2005 to 2034 (based on water dema nd projections provided by 
the eTekweni Municipality) 
Year Flow (mJ/s) with a Available hydraulic Available 
annual growth of power (MW) electrical power 
1.5% (MW) 
2005 42.88 26.50 19.7 
2006 43.52 26.89 19 .99 
2007 44.17 27.3 20.29 
2008 44.84 27.7 20.6 
2009 45.5 1 28. 13 20.9 
2010 46.2 28.55 21.2 
2011 46.89 28.98 21.54 
20 12 47.59 29.41 21.86 
2013 48 .3 29.85 22. \9 
20 14 49.02 30.3 22.5 
20 15 49.76 30.75 22.86 
2016 50.5 1 31.22 23.2 
20 17 51.27 3 1.68 23.55 
20 18 52.04 32.16 23.9 1 
2019 52.82 32.64 24.26 
2020 53.6 33.13 24.63 
202 1 54.4 33.63 25 
2022 55.23 34. 13 25.37 
2023 56.06 34.64 25.75 
2024 56.9 35.164 26. 14 
2025 57.7 35.69 26.S3 
2026 58.62 36.23 26.93 
2027 59.5 36.77 27.33 
2028 60.' 37.322 27.75 
2029 61.3 37.88 28. 16 
2030 62.2 38.45 28.58 
203 1 63.15 39.03 29 
2032 64. 1 39.6 29.4 
2033 65.06 40.19 29.84 
2034 66.04 40.8 30.29 
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3.1.2 Present and predicted electr ical power demand 
The electrical power demand for the next 29 years is forecasted in order to match the 
infrastructure required for the hydroelectric generation scheme with the growth in 
electrical power demand. The electrica l demand at Kwa-Ximba is predicted increase 
at a fixed rate of 1.8% annually. It is essential that the power generation equipment be 
effect ive ly used, in order to keep operating costs as low as possible. In order to 
maintain flexibility in power generation, it is recommended that five sets of hydro 
electrical generators be purchased to give a combined power delivery of 20MW. 
Table 3.2 describes the five generator sets. The first three hydro electrical generators 
should be rated at 5MW each, the fourth set should be rated at 3MW and the fifth set 
should be rated to deliver 2MW. 
Table 3.2 Description of generator sets 







11 kV, 3 phase 
11 kV,3 phase 
11 kV, 3 phase 
11 kV, 3 phase 
11 kV, 3 phase 
The power demand over the next 29 years will determine which combination of 
generator sets are required to operate at various times. Table 3.3 shows the predicted 
load pattern from 2005 to 2034. The increase in electrical power demand for Kwa-
Ximba was calculated for the next 29 years by using equation (3) and substituting a 
= average per unit growth rale = 1.8 %. It was essential to calculate the future load 
pattern for Kwa-Ximba in order to optimise the infrastructure required for each 
network. 
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Table 3.3 Predicted load pattern from 2005 to 2034 based on the present 
study 
Yrar Est imated Est imated power delivery ESlimated s pinning Gentraton Electrical 
tlectriul power to Caloridgt-Georgeda lt restn'f a t hydro sets in power demand 
demand by Kwa- Sub-tra nsmiss ion generlllion pla nt (-;. ) opHation on hydro-
Ximba (MW) network generation 
!theme (MW) 
2005 10.56 8.64 4 I 5 20 
2006 10.75 8.45 4 I· 5 20 
2007 10.944 8.25 4 I· 5 20 
2008 11.14 8.06 4 1-5 20 
2009 11.341 7.859 4 1-5 20 
20 10 11 .545 7.655 4 1-5 20 
2011 11.753 7.447 4 1- 5 20 
20 12 11.965 7.235 4 1-5 20 
2013 12.18 6.901 4.5 1-5 20 
2014 12.399 0.00 17.3 1, 2, 3 15 
2015 12.622 0.00 15.8 1, 2,3 15 
2016 12.85 0.00 14.3 1, 2,3 15 
2017 \3.08 0.00 12.8 1,2, 3 15 
2018 13.316 0.00 11 .23 1, 2, 3 15 
2019 1].556 0.00 20.25 1,2, 3, 5 17 
2020 [3.8 0.00 18.8 1, 2, 3,5 17 
2021 14.048 0.00 17.36 1, 2, 3,5 17 
2022 14.301 0.00 15.87 1, 2, 3,5 J7 
2023 14.56 0.00 14.35 1, 2,3,5 J7 
2024 14.82 0.00 17.67 1. 2,3,4 18 
2025 15.087 0.00 16. 183 1, 2,3, 4 18 
2026 15.36 0.00 14.67 1, 2.3,4 18 
2027 15.636 0.00 13 .133 1, 2.3, 4 18 
2028 15.917 0.00 20.4 1-5 20 
2029 16.204 0.00 18.89 1-5 20 
2030 16.495 0.00 17.5 1-5 20 
2031 16.79 0.00 16.05 1-5 20 
2032 17.074 0.00 14.63 1- 5 20 
2033 17.402 0.00 12.99 I ·5 20 
2034 17.715 0.00 11 .425 I ·5 20 
Note: Power supply to Eskom's Catoridge-Georgedale sub-transmission network is 
terminated by the year 2014. 
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Table 3.3 shows that from the year 2005 to 20 13, the hydroelectric generation plant 
will be able to supply Kwa·Ximba as well as Eskom's Catoridge-Georgedale sub-
transmission network with electrical power and still have a spinning reserve of 4 to 
4.5%. However, after the year 2013 it will no longer be feasible, from a technical and 
operating cost perspect ive, to supply the Catoridge·Georgeda le sub-transm ission 
network with e lectrical power. This is due to the fact that the supply to Eskom will be 
less than 5MW. It is therefore recommended that by year 2014, power supply to 
Eskom cease. The relative ly low spinning reserve of 4% was se lected until the year 
2012. This is due to the fact that the hydroelectric generation sets will be highly 
efficient in the ir operation due to them being in service for less than eight years. 
Furthermore, until the year 201 3 the hydroe lectric generat ion scheme is connected to 
the Eskom network, so if there is a need for power in excess of the allowed spinning 
reserve, power can be easily drawn from the Catoridge-Georgeda le sub-transmission 
network. Beyond the year 20 13 the hydroelectric generation scheme will cease to 
supply power to the Eskom network and thus the spinning reserve wi ll increase by 
17.3%. 
It is necessary for the existing two 315 kY A turbine generating plants, at Nagle Dam 
be decommissioned as they are too small to be used for the intended commercia l 
purpose. The avai lable hydro power capacity of Nagle Dam is calculated to be 
19.7MW (Table 3.1) for the year 2005. It is therefore recommended that the 
hydroelectric generation scheme be sized at 20MW and be installed adjacent to the 
dam wall. This requires all five generators sets (0 I to 05) to be on line to deliver 20 
MW of power. The delivery of 20 MW of power will accommodate the increase in 
power demand by Kwa·Ximba up until the year 20 13 (Table 3.3) and deliver power to 
the sub-transmission network with an initial spinning reserve of 4 to 4.5%. The 
power supply to the Catoridge Georgedale sub-transmission network wi ll decrease 
proportionally up until the year 201 3. 
From the years 2014 to 2018, the average electrical power demand by Kwa-Ximba is 
12. 85 MW (Table 3.3). At thi s stage the hydroelectric generator sets will be 
combined to give an e lectrica l power of 15MW. Th is means that only the first three 
generator sets of 5MW each (0 1 to 03) will be on line and set four and five will be 
off line. In the year 2014 the spinning reserve will be 17.3% but will decrease to 
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11.23% by the year 20 18. In the year 2019 the combination of generators sets in 
operat ion will change again, in order to ensure an adequate spinning reserve as well as 
deliver the required e lectrical power to Kwa-Ximba., with reasonable security on the 
supply from the hydroelectric generation scheme. 
The average e lectrical power demand by Kwa-Ximba from the years 2019 to 2023 is 
14.05 MW (Table 3.3). In order to make efficient use of the generator sets, 0 1,02, 
03, and 05 will be on line, resulting in an electrical power output of 17 MW. This 
wi ll result in a 20.25% spinning reserve in 20 19, but wi ll decrease to 14.35% by the 
year 2023. 
It wil l be necessary to bring generator sets 0 I, 02, 03, and 04 on line and switch off 
05 from the years 2024 to 2027. This combination of generators sets will deliver an 
electrical power output of 18 MW, which will adequately cover the average of 15.23 
MW (Table 3.3) required during this time period. The spinning reserve will be 
17.67% in the year 2024. 
The average demand in electrical power from the year 2029 to 2032 is 16.5 MW. 
This demand makes it necessary to bring all five generators sets on line to deliver a 
power output of20 MW. By the year 2028 the spinning reserve wi ll be 20.28%. 
The hydroelectric generation scheme wi ll be equipped with the structures necessary to 
channel and regulate the flow of water to the turbines. These structures will include 
the open channel spillway. This will enable the convers ion of hydrau lic energy to 
electrical energy. The main components of the hyd ro power plant will be separated 
into (i) the main inlet valve and turbine, ( ii) the generator and (i ii) the electrical 
control equipment and unit auxi liaries. 
3.2 The existing Catoridge-Georgedale sub-transmission network 
The existing Catoridge-Oeorgedale sub-transmission network is detailed in Drawings 
1, 2,3, 4 and 5. The section of the network extending from Catoridge to Georgeda le is 
studied. An audit of the pre-existing infrastructure at the Catoridge-Georgedale sub-
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transmission network was undertaken. Tables 3.4 shows the technical details for the 
transformers located at the Catoridge substation (Group 1) and at the Georgeda le 
substation (Group 2) . Transformer group I (substation) is located at Catoridge. The 
primary s ide voltage is 88 kV and secondary side vo ltage is 11 kV. Transformer 
group 2 (substation) is located at Georgdale. The primary side vo ltage is 132 kV and 
the secondary side voltage is 88 kV. 
Table 3.4 Details of tbe pre-existing transformers at the Catoridge-
Gcorgcdale sub-transmission network (Eskom Mkodeni KwaZulu-Natal 
database) 
ITEMS TRANSFORMER TRANSFORMER 12 
GROUP 1 GROUP 2 
Transformer location Cato Ridge Georgedale 
Operating voltage 88/ 11kV 132/88kV 
In fo lder 2 - Winding- PSSE 2 - Winding- PSSE 
Technology Three Phase Transformer Three Phase Transformer 
Rated power (MV A) 45 45 
Nominal frequency (Hz) 50 50 
HV. rtd. Volt (kV) 88 132 
LV. rtd. Volt (kV) 11 88 
She Volt (Z,) % 8.67 10 
Re (She Volt) (R,) % 0.3468 0.4 
HV Vector group Y YN 
LV Vector group Z YN 
Phase shift (30) 11 
Name YzlI Ynynl 
Uko (Zo) % 0.78897 8.5 
She Res.O (R.,) % 0.0315588 0.34 
Neutral tap 2 5 
Min. tap 
Max. tap 9 17 
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Table 3.5 shows the detail s and characteristics of the pre-existing overhead lines at the 
Catoridge-Georgedale sub-transmiss ion network, operating under normal conditions. 
It must be noted that overhead Lines I to 7 operate at 88 kV. The operating 
parameters of the pre-existing transfonners and power lines were considered in the 
study of each network. 
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Table 3.5 Details of the pre-existing power lines at the Catoridge-Georgedale sub-transmission network 
Line NAME TYPE LENGTH DERATING RATED ZI RI Xl Ro Xo 
No. (km) FACTOR CURRENT (ohm) (ohm) (ohm) (ohm) (ohm) 
(kA) 






L2 CATOR·XT·GRGD· 126C7C) 5JI OJI) 2,62~59 1,229507 2J2))16 2.4)8454 6,14)426 
XTl·~~kV·U 
U CATOR· XT·CATOR· 124C 2,14 0,204 1.40~585 1,052))2 0,9)6)271 Jj)7897 2.47422) 
8·X·88KV·U 
L4 CATOR·T·CATOR· 126C7C) 157 OJB 1.767244 0,~26617~ 1.56200) 1.6)94B 4,BO)26 
XT·~~kV·UB 
L5 CATOR·T·CATOR· 126W2C) 0,92 0.47 0,2775879 0,09119))5 0,2621 ~09 OJ0065) I 0,924045) 
XT·~~kV·L3A 
L6 CATOR~~·CATOR·T· ZEROIMPE 0,7 4 0,000001 0 0,000001 0,0000001 
~~kV·L3 
L7 New proposed Eskom 126W2CJ 0,7 0,74 5,129)41 1,685094 4,~44646 5.555546 17,07475 
Line 
3.3 Basic electrica l infrast ructure required for Kwa-Ximba 
This is a green field project. There is presently no basic electrical infrastructure at 
Kwa-Ximba. All infrastructure proposed below will be new. The following 
infrastructure are common required for all the three nel\vorks. 
3.3.1 Reticulation cables 
In order to develop the electrical infrastructure for Kwa-Ximba it is necessary to 
install reticulation cables. The reticu lation cables are referred to as Cables I, 2, and 3 
(Drawing Nos. 2, 3, 4 and 5). The cables will operate at IlkV and will be fed from 
Bus G to Bus H. These cables are required to be installed 700mm below natural 
ground level as detailed in the South African National Standards, The se lection, 
hand ling and insta llation of power cables of rating not exceeding 33kV (SANS 
10198- 11). The same cable type wi ll also be used to connect between Buses Hit H2 
and H) to the primary side of Transformers D , T4 and T5. The Rectic Master 
software was used to se lect the appropriate cable. For simulation purposes the 
following parameters were selected. A fixed magnitude of 5 MY A of apparent power 
was each assigned Load Centres I, 2 and 3, which are fed from Bus 11 , 12 and 13 
respectively. This therefore translates that the Lump Parameter Method of Analyses 
was used to se lect the 11 kV cables within the proposed electrification scheme for 
Kwa-Ximba rura l district. This was done by determining the maximum predictable 
power that Load Centres 1,2 and 3 will be required to deliver in its later years of 
existence. In addition, Transformer 1'2 which is insta lled between Buses F and G was 
se lected to have an installed spare power capacity of 125% 
The resultant values from the simulations are shown in Figure 3.1. A standard length 
of 5km with a current carrying capacity of 271A1ph was considered for simulation 
purposes. It must be noted that the actual distances between (i) the 11 kV AC Bus HI 
and Transformer T3 (ii) the 11 kV AC Bus H2 and Transformer T4 and (iii) the I1 
kV AC Bus H3 and Transformer T5 are 500 m, 700m and 500m respectively (Refer to 
Drawing No. 2). The reason for using a standard length of 5km with a current 
carrying capacity of 271 Nph in the simulation is to ensure design flexibility with 
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respect to (i) that a standard cable size was selected and (ii) that any potential 
alterations to the reticulation system up to 5 km in length is feasible. 
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Fig. 3.1 Selection of the 11 kV (AC) cables between Bus G and Bus H. to H3 and Transformers 
T3 to TS for the Kwa-Ximba rural scheme 
Thls resulted in the selection The following characteristic values were noted (See 
Drawing No. 2 for sub circuit entitled Proposed Electrification scheme for Kwa-
Ximba Rural District) 
(a) Positive sequence:-
(i) Cable impedance Z' was 0.9394147 uhm, (il) impedance angle was 25.20112 
degrees (iii) resistance R' was 0.85 ohm and (iv) cable reactance X' was 0.4 ohm. 
(b) Zero sequence:-
(i) Cable resistance Ro' was 2.55 ohm and (ii) cable reactance ~' was 1.25 ohm 
(c) Earth fault current 
(i) The earth fault current was recorded to be 5.979646A, (ii) the magnitude of earth 
factor was 0.674412 and (iii) the earth factor angle was 1.363929 degrees. 
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3.3.2 Overhead line (Line 8) 
10 order for the three proposed networks, in the current study, to operate, an additional 
line traversing between Catoridge 88 kV (AC) Bus C and Kwa·Ximba 88 kV (AC) 
Bus E will have to be installed. This additional line will be referred to as Line 8. 
The selection of Line 8 was made by using the Rectic Master 2003 software (Fig 3.2). 
Line 8 will be a 120mm' MY Cu PILC is modeled with the line length of 1.7 km long 
with a current carrying capacity of 271Nph and an Operating Voltage of 88kV. for 
simulation purposes. The following characteristic values were noted:-
(a) Positive sequence:-
(i) Resistance R' was 0.17 ohmlkm and (iv) cable reactance X' was 0.08 ohmlkm. 
(b) Zero sequence:-
(i) Cable resistance Ro' was 0.5 I ohmlkm and (ii) cable reactance Xo' was 0.25 
obmlkm 
~ D" I " I ,btdty. Interfdle~ RehcMaster 2003\ECI!>tern Region data.mdb 
File 
Voblt I T,1IIiIfonNf I...... ConIIuDD I PlU"'OftDlvlot I .... I ........ MoIot I 
1120 MY Cv PLC 
1IiI .... 
~ -J.:l 
PI(QIlIIl) )I(e lUll 
-- 1;,,'"..--_1-
.... -1· .. I'" 
...... 10 10 




~c-...I228.1 21 ..... eo. 1'---
[=~ r§:j A ~c-.an rm- A 1 
~ [ ~ "'I ' ..... I! 
.llgo. I 
Fig. 3.2 Selection or Line 8 using the Rectic Master 2003 software 
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3.4 Specific infrastructure required for the various networks 
All network simulations are based on the power demand for the year 2005, in which 
all generator sets are in operation and delivering a total of20 MW of electrical power. 
3.4.1 Network A 
Drawings 1, 2 and 3 are diagrams depicting Network A. Drawings I and 2 detail s the 
dam wall, the five hydroelectric generator sets, Transformer TI, Bus L, AC to DC 
inverter! rectifier, Bus K, 45 km HYDe line, Bus J, DC to AC inverter/rectifier to 88 
kV (AC) Bus E located at Kwa-Ximba is shown. Network A wi ll extend from the 
dam wa ll to Bus E located at Kwa-Ximba. Drawing 3 shows Network A in greater 
detail. 
In Network A, the hydroelectric generation scheme runs in parallel with the Eskom 
sub-transmission network. The use of HVDe technology in Network A requires the 
insta llation of new e lectrical equipment. Such electrical equipment includes the 
hydroelectric generation scheme, additional transformers, power lines, busbars as well 
as converter stations and HYDe cables. 
3.4.1.1 Optimization of generator usage to meet electrical power demand 
Although five generator sets have been recommended for the hydroelectric generation 
scheme to meet the staggered load demand between the years 2005 and 2034, only 
four generator sets were modelled using the Rectic Master software. This was done in 
order to reduce operating costs by introducing more flexibility in the hydroelectric 
generation scheme to meet changes in load pattern. 
Each generator is rated to deliver IlkV, not exceeding 105% of nominal voltage. The 
four generators that have been modelled are rated to deliver a combined active power 
of 20 MW (5MW each), and a combined reactive power of 3.75MVAr at 50Hz. 
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(I) Active power limits range between 0 to 6MW. 
(2) Minimum reactive power ranges between -I to -6.25MV AI, 
(3) Maximum reactive power ranges between 1 to 6.26MV AI. 
Figures 3.3 and 3.4. details the method of configuration and the power limits of the 
generators when simulated under normal operating conditions. 
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Fig.3.3 Hydroelectric synchronous generators installed adjacent to dam waD, with a combined 
output of 20 MW (Applicable to Networks A and B) 
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Fig.3.4 Values of dispatch power and the generator capability curve (Applicable to Networks A 
aodB 
Brush less exciters will control the generating voltage as well as the amount of 
reactive power that is generated by the generator. 
Tbe four hydroelectric generators (rated at IlkV) will supply power to Transfonner 
T" ll-80kV, 40 MVA (Drawing 2 and 3). At Bus L, the 80kV will be converted 
from AC to DC using converter stations. At the 88kV (AC) Bus E, power will be 
transmitted to 88kV (AC) Bus F which is Kwa-Ximba and also to the 88kV (AC) Bus 
C which is the Catoridge-Georgdale Bus, via Line 8. Transformer TI will have its 
star point grounded for both HV and LV sides (Fig. 3.5). 
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Fig. 3.5 40 MV A. HVDC transformer Tt 1 JJ80kV, transformer installed adjacent to the hydro 
generation plant (Applicable to Networks A and B) 
In the present study the converter stations and the HVDC interconnected bipolar cable 
system is selected to operate at 80 kV (DC). The inverter station will be adjusted 
such that it delivers 88 kV (AC) onto Bus E. This is because the closest section of the 
Eskom network to Kwa-Ximba district is the Catoridge 88 kV AC Bus C. which is 
located 700m away from Kwa-Ximba district. In order to maintain low capital costs 
and obviate the need for a 30 MY A 3 phase oil filled transformer the operating 
voltage of the HYDC line was selected to be 88 kV. Furthermore the 88 kV line was 
selected since it matches with the smallest standard converter available. Sce converter 
station details in section 3.4.1.2. 
3.4.1.2 Converter stations 
In the present study. Network A, two VOltage Source Converters (VSC) equipped 
with PWM technology will be used. PWM will enable the converter to control active 
and reactive power independently, at the Kwa-Ximba 88 kV AC Bus E which lies 
between the Kwa-Ximba district and the Catoridge 88 kV AC Bus C (See drawing no. 
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3, Network A). In addition, VSC with PWM does not contribute to short circuit 
power since the AC current can be controlled. 
Voltage source converters equipped with PWM converters are available from various 
vendors in different sizes. For the purpose of this study, converter stations with an 
active power rating of20 MW each are required. The power rating of20 MW will be 
adequate to supply Kwa-Ximba's power demand right up to the year 2032 when the 
demand will be 17.074 MW. Therefore the se lection of these converters is based on 
requirements specific to the electrical demand ofKwa-Ximba in the next 30 years. 
The converters are 3-level, using IGST positions in place of diodes for the neutral-
point clamping. The IGST positions are based on IGST and diode pack, divided into 
sub-modules to enable different current ratings using the same physical dimensions. 
The converter DC voltage operates at ± ISO kV, but the se lected PWM pattern 
switches the valves on and off only between + or - ISO kV and 0 V, thus keeping the 
switching amplitude between +80 kV to - 80 kV which matches the power profile of 
the Eskom network at Catoridge Bus C and Kwa-Ximba Bus E. 
The switching frequency is 1260 Hz (21st harmonic). These parameters will only 
contribute to half the losses of a large 2 level converter, without contributing an to 
increase in harmonics. 
The converter is connected to the 200 kY AC filter bus by water cooled phase reactors 
(L4) (Fig. 3.6). At this point three shunt filters, tuned to the 21 sI, 41 sI, and 25th 
harmonics are connected via breakers. The breakers are equipped with synchronous 
closing functionality. The power line carrier (PLC) filtering equipment (components 
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Fig 3.6. Converter Station Single-line Diagram (adapted rrom Railing et al., 2004) 
Standard AC transformers are used to match the AC network vo ltages of 88 kV to the 
converter AC voltage. The incoming breaker is equipped wi th pre-insertion resistors. 
They are used to minimize the transients when the converters are energized . A third 
harmonic filter is insta lled on the DC side of the converter. This is used to remove the 
third harmon ic component. 
3,4,1.2.1. Control and Protection 
The IOBT valves are cooled wi th a glyco l/water mixture and installed in modular 
valve hous ings. Contro l equipment and equipment used for cooling water treatment 
are located within the converter building. The control and protection is built with 
te lecommunication between the stations to enable fast run back for specific network 
disturbances, The existing telecommunication system in Kwa-Ximba, has to be 
upgraded in order to meet with control and protection requirements of the converter, 
To ensure reliability between the two conve rters that are insta lled 45km apart between 
Bus L (adjacent to the Nagle Dam hydroelectric generation scheme) and Bus J the 
control system is duplicated with one control system active and the other in standby. 
Each control system consists of pole control and protection, and valve control un its 
(VCU), The standby control system receives the on/o ff switching signals from the 
pole control and executes the switChing orders to the valves. 
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The mam objective of the control system is to control the transferred active and 
reactive power independently (See Drawing no, 3 Network A). The ability to control 
reactive power may be used either to keep the reactive power exchange or the AC 
voltage constant at the point of common coupl ing (PCC). This is done independently 
of the DC voltage or active power control modes. The converter voltage at the 
converter tenninals is determined by factors such as the (i) calculated reference 
voltage, (ii) available DC vohage, (ii i) hannonic generation and (iv) currents in the 
valves. 
The converter current is controlled by the pole control, which consists of a state 
feedback controller (Fig. 3.7). The active and reactive currents are controlled 
independently. The controller is synchronized to the fundamental network vo ltage 
using a phase-locked loop (PLL). The DC vo ltage, active power, reactive power and 
AC voltage controls are ab le to calculate the reference currents to the converter 
current control. In steady state, one converter operates in DC voltage control (the 
converter installed at Bus L) and the other in active power control (thc converter is 







DC voltage control 
active power control 
reactive power control 
AC voltage control 
The control is synchronized to the network fundamental voltage using a phase locked loop, PLL 
Fig. 3.7 Control r the converter station (Railing et (1/. ,2004) 
The converter protections operate independently of the control systems. All primary 
measuring units, cabling and computer boards are separated between control and 
protection. This ensures that a fault in one control measurement device does not 
affect the protection system. 
Third-harmonic modulation : A zero sequence third-harmonic component is added 
to the sinusoidal reference voltage to reduce the peak AC converter voltage in order 
that, with the same DC voltage, an approximately 15 % increased AC-side 
fundamental-frequency vo ltage is avai lable from the VSc. 
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DC voltage balance control: The three-level converter is mid-point grounded and 
balancing of the DC pole voltages is needed to prevent any ground current circulation. 
Certain space vectors are used in the modulation to ba lance the bridge. 
Low order harmonic suppression: Minor non-linearities in the va lve switching 
create low-order harmonics. To prevent their amplification, the converter is equipped 
with a controller to act on the PWM pattern in order to minimize the low order (5th 
and 7th) harmonic currents at the PCC. The PCC voltage levels at these harmonics 
are hardly affected by converter operation and there is very little contribution from 
these frequencies. 
AC voltage control: This control featu re includes a slope (droop), sim ilar to the 
voltage regulators on generators. The reactive power capability is dependent on the 
active power transfer. A strong network may limit the possibility of reaching the AC 
voltage set point due to the reactive power limit . The use of a slope mitigates this 
issue and has the additiona l advantage of avoiding hunting between the converter AC 
voltage control and similar contro ls on the hydroelectric generation scheme installed 
at Nagle Dam. 
Sub-synchronous damping control: A sub-synchronous damping controller 
(SSDC) is used to ensure that sub-synchronous oscillations are not amplified by the 
converter control. The angular frequency deviation given by a PLL is band-pass 
filtered to extract the sensitive frequency range. This signal issued in the SSDC and 
the limited output signal is added to the current orders. The SSDC is an integral part 
of the control system and cannot be turned otT. It is active in the ent ire sensitive 
frequency range. 
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Table 3.6 shows technical details for the main components of the proposed converter 
stations. 
Table 3.6 Converter station details 
Description of HVDC scheme 
Type of transmission 
Distance between converter stations 
Number of poles 
Neutral path 
DC side switching between poles 
AC nominal voltage 
DC nominal voltage 
Nominal Frequency 
Nominal power rating (at inverter output 
terminals) 
Maximum power for continuous operation 
Requirement 
Underground, triple extruded 
polymetric cables (bipo le) 
45 km 
Two 







3.4.1.3 Selection ofHYDC cables (Line 9) 
A 45 km long, 30 MW, 80 kV HVDC cable will be buried 700mm below natural 
ground level. This HVDC cable is referred to as Line 9 (Drawing 2 and 3). This 
depth is in accordance to thc South African Oureau of Standards (SABS 051) 
specification. A rating of 30 MW for HYDe cables is selected in order to offer 
flexibility when upgrading the hydroelectric generation scheme and converter stations 
in the year 2034. 
The cables will be made of extruded polymer and the insulation wi ll be triple extruded 
together with the conductor screen and the insulation screen. The cables will be 
S9 
operated in bipolar mode, one cable with positive polarity and one cable with negative 
polarity. The cables will be insta lled close in a bipolar pair with anti-parallel currents 
and thus eliminating magnetic fields. 
The 30 MW, 80 kV HVDe cables will be used with a diameter of 140 mm. The cable 
wi ll be made up of four sections, which will be laid individually and joined by the 
laying barge. Both the high-vo ltage and return cables will run underground. The cable 
network will use only exist ing rights-of-way and will not require new rights-of-way. 
It will be buried alongs ide established rural (dirt) roads and traverse through non-
perennial rivers. 
Table 3.7 Summary of infrastructure required for Network A (refer to single 
line diagram, Drawing No. 2) 
INFRASTRUCTURE DETAILS 
Olto 04 Four 11 kV, 5 MW hydroelectric power turbine generator sets 
Bus M IlkV (AC) bus will be fed from the five hydroelectric generators 
rated at 5 MVA each 
Transformer T I 
Bus L 
Bus K 
HVDe power cable 
Line9 
Bus) 
Rated at 40 MVA, II - 80 kV (AC), will be installed downstream o f 
Bus M adjacent to darn wall 
88 kV (AC) bus will be fed from Transformer T1 and supply 20 MW 
of power to the rectifier unit. The 88 kV rectifier unit will supply DC 
power rated at 80kV to Bus K. Bus L will be located adjacent to 
Transformer T I, which will be installed in close proximity to the dam 
wall. 
A 45 OOOm long, 80 kV triple extruded polymetric cable will supply 
power from Bus K to Bus J. 
The system will be configured in bipolar mode. One cable with 
positive polarity and the other with negative polarity. 
Will be located at Kwa-Ximba rural location 45 OOOm away from the 










triple extruded polymetric cable. Will Supply 20 MW of power to the 
inverter. 
The 88 kV (AC) Bus E, will be located at Kwa-Ximba. The 20 MW 
rectifier unit will supply 88 kV to Bus E and will be in close proximity 
to Bus J. There will be three lines connected to Bus E (i) the line 
leading from the 20 MW inverter to Bus E (ii) the line leading from 
Bus E to Bus F and (iii) line 8 leading from bus E to Bus C. 
The 88 kV (AC) Bus F will be installed approximately 2 OOOm from 
Bus E. The load side of Bus F will be connected to the primary side of 
Transformer 1'2, which will be rated at 20 MVA. 
Transformer 1'2 will be installed approximately 500m from Bus F and 
rated at 20 MVA, 88to II kV, three phase oil-filled transformer. 
The IlkV (AC) Bus G will be located 300m away from Transformer 
T2. Three load cables will be connected to Bus G. Cables 1,2 and 3 
will be approximately 4 OOOm in length. Cable I will supply power 
from Bus G to Bus HI , Cable 2 will supply power from Bus G to Bus 
H2 and Cable 3 from Bus G to Bus H3. 
IlkV (AC) Bus HI will be located approximately 500m away from 
Transformer TJ. 
11 kV (AC) Bus H2 will be located approximately 700m away from 
Transformer T4 
llkV (AC) Bus H] wi ll be located approximately 350m away from 
Transformer T5 
Transformer n will be installed approximately 200m from Bus 11, 
Transformer T3 is rated at 10 MVA, 11 kV to 400 V. Bus 11 will be fed 
from Transformer 1'2 
Transformer T4 will be installed approximately 350m from Bus h and 
rated at 10 MVA, 11 kV to 400 V. Bus 12 will be fed from Transformer 
T2. 






3.4.2 Network B 
raled al 10 MVA , 11 kV 10 400 v. Bus h will be fed from Transformer 
T2 
Bus 11 will be fed from Transformer T3, supply 10 Kwa-ximba load 
cenlre No. 1 
Bus h will be fed from Transformer T4, supply to Kwa-ximba load 
cenlre No. 2 
Bus Il will be fed from Transformer T5. supply to Kwa-ximba load 
cenlre No. 3 
Will connect 88kV (AC) Kwa-Ximba Bus E to 88kV (AC) Catoridge 
Bus C. Line 8 is 17km long. 
Catoridge Bus C will be installed 17km from Bus E. This part of the 
installation belongs to Eskom. 
Drawing 1 and 2 also depicts Network 8 from the dam wall up to 80 kV (AC) Bus L. 
From Bus L, Line 10 which is an overhead HVAC line wi ll extend to the 88 kV (AC) 
Kwa-Ximba Bus E. Drawing 4 shows Network B in greater detail. The purpose and 
the operat ion of the hydroelectric generation scheme will remain unchanged. The 
optimisation orthe use of the generators is the same as in Network A. 
3.4.2.1 Selection of overhead line (Line 10) 
The Rectic Master software was used to select an appropriate overhead li ne for 
HVAC transmission (Fig. 3.8 A and 8). This overhead line is referred to as Line 10. 
An aluminum, wolf conductor was selected to transmit a load demand of 20MW of 
active power. Since this overhead line has no take orrs along its length, it traverses 
simply between Bus Land E with a length of 45km, the line was modeled using the 
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Fig. 3.8 A and B Selection of 88 kV (AC) overhead line between Bus L and Bus E 
The following characteristics values were noted when operated under simulation 
conditions:-
(8) Positive sequence:-
(i) Cable resistance R' was 0.0991232 ohmlkm, (ii) cable reactance X' was 
0.28497920hmlkm, (iii) Capacitance C' was 0.01274226uFIkm and (iv) conductance 
G' was 0 micro seclkm. 
(b) Zero sequence:-
(i) Cable resistance Ro' was 0.3267968 ohmlkm, (ii) cable reactance 'X,,' was 
L004397ohmlkm, (tii) Susceptance Ba was 2.066116u seclkm and (iv) conductance 
Go' was 0 micro seclk.m. 
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(c ) Earth fault current 
(i) The earth fault current was recorded to be 14.17132A. (ii) the magnitude of earth 
factor was 0.8336309 and (iii) the earth factor angle was 1.618033 degrees (Fig. 3.9) 
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Fig. 3.9. AC line (Line 10) extension between 88 kV (AC) Bus Land 88 kV (AC) Bus E detailing 
earth Cault conditions 
The three phase 50Hz, overhead line will operate at 88kV with a maximum rated 
current of 740Alph. Under normal operating conditions. Transformer Tl wiH deliver 
20 MW of active power and absorb 2.78 MV Ar of reactive power. However. at Bus E 
where Line 10 terminates. an active power delivery of 19.79 MW wiH occur and 1.89 
MY Ar of reactive power will be absorbed. It is therefore concluded that Line 10 adds 
0.89 MY Ar of reactive power to the installation under normal operating conditions. 
The generators will supply power to Transfonner T I, which is located adjacent to the 
dam wall. TI will supply power to Bus L. Line JO will transfer power from Bus L to 
Bus E (Refer to Table 3.8). 
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Table 3.8 Summary of infrastructure for Network B 
INFRASTRUCTURE DETAILS 
GIIO G4 Four 11 kV, 5 MW hydroelectric power turbine generator sets 
Bus M 1I kY (AC) bus will be fed from the four hydroelectric generators 
rated at 5 MYA each 




3.4.3 Network C 
Rated at 40 MY A, 11 - 80 kY (AC), will be installed downstream of 
Bus M adjacent to dam wall 
88 kY (AC) bus will be fed from Transformer Tl and supplies 20 MW 
of power to Line 9. 
88 kY (AC) overhead line extension from the 88 kY (AC) Bus E to 88 
kY (AC) Bus L 
The 88 kY (AC) Bus E, wi ll be located at Kwa-Ximba. There are three 
lines connected to Bus E (i) line 10 leading from the Bus L to Bus E 
(ii) the 88 kY- 3 phase line leading from Bus E to Bus F and (iii) line 8 
leading from Bus E to Bus C. 
Drawing 5 shows Network e in detail. In Network e, the option of extending 
Eskom's existing AC Catoridge-Georgedale sub-transmission network to provide 
power to Kwa-Ximba, with the hydro generation scheme switched off, is studied. 
Line 8, which will connect the 88 kV (AC) Bus C to 88 kV (AC) Bus E in order to 
provide power to Kwa-Ximba. All branches and nodes downstream from this point of 
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3.5 Load flow analyses to determine viability of eacb Network 
Load flow analyses was conducted on the various power lines and busbars that 
constitute each of the networks, in order to determine the effectiveness of each 
network . 
3.5.1 Method of analyses 
The Digsilent Powerfactory v13.1 (Build 249) software program from Eskom's 
Transmission Optimization Department, mKondeni, Pietermaritzburg, KwaZulu-
Natal, was used to determine power flow of the various networks described in each 
option. 
In each of the networks the typical operating parameters were simulated and recorded 
under normal operating conditions, using the software. Reactive power transfer 
depends mainly on the vo ltage magnitude. It is transmitted from the higher vo ltage 
magnitude side to the lower voltage magnitude. This is only true under normal 
operating conditions. Active power on the other hand, depends mainly on the angle 
by which the sending end voltage leads the receiving end voltage. The direction of 
active and reactive power now is represented by the positive or negative (-ve) 
symbols (Drawing 3, 4 and 5). 
In the case of active power flow the positive numeric value (+ve symbol is not shown) 
indicates that active power is leaving the node. The negative (-ve) symbol indicates 
that active power is entering the node it is immediately connected to. 
In the case of reactive power flow the positive numeric value (+ve symbol is not 
shown) indicates that reactive power is entering the node it is immediately connected 
to and the negative (-ve) symbol indicates that reactive power is leaving the node it is 
immediately connected to. 
Drawings 2,3,4 and 5 show the layout of Kwa-Ximba. The loads centres 1,2 and 3 at 
Kwa-Ximba are assumed to be 3.4 MW each. Therefore, it is assumed that the power 
flow through Buses H I, H2• H). l it 12 and I) wi ll be simi lar. Therefore in Tables 3.9 to 
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3.13, only Buses HI and 1I wi ll be explained. Analyses were conducted on the various 
nodes and branches for the fo llowing sections of the sub-transmission network (i) 
Catoridge, (ii) Georgedale. The objective was to determine the voltage and vo ltage 
angle at each bus (node), and the rea l and react ive power flow at each line (link) of 
each network. 
In each network, load flow ana lyses was conducted to determine the effectiveness of 
transmission at the following locations:- ( See Drawings3, 4 and 5). 
(i) Between the hydroelectric generation plant feeding power into Bus M 
(adjacent to Dam wall) through to and Bus E, 88 kV bus located at Kwa-
Ximba, 
(ii) The Kwa-Ximba 88kV AC Bus (Bus E), feeding power into the Kwa-Ximba 
rural locat ion via the 88kV Bus (Bus F) through to Bus I, which is located in 
close proximity to the load centers and 
(iii) Hydro generating plant feeding power into the 88kV Catoridge Bus C, via 
Line 8. 
3.5.2 Load flow analyses for Networ k A 
The hydroelectric generation scheme, using HVDC technology is operated in para llel 
to the existing Catoridge-Georgedale sub-transmiss ion network . The fo llowing values 
were recorded under normal operating conditions when simulated (Table 3.9). Also 
see Drawing 3. 
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Table 3.9 Load flow analyses for Network A 
Bus Name Bus Voltage Voltage Angle at Active power in Reactive power in 
(kV) node in deg branch (M W ) branch (M VAr ) 
A 90.78 -48.75 ·).82 32.20 
B 89.99 -48.41 -1.04 -0.73 
C (Line 8) 89.43 -48.14 -9.27 29.42 
C (Line 6) 89.43 -48.14 5.12 -31.21 
D 11.23 -19.06 -2.07 -0.83 
E 88.00 -47.45 ·20.05 22.04 
F 87.93 -47.48 -10.57 -7.37 
G 11.22 -80. 13 -\0.57 -6.57 
HI 10.87 -79.90 -3.44 -2.22 
H2 11 .04 -80.0 1 -3.49 -2.26 
1-13 11 .08 -80.04 -3.41 -2.21 
11 0.41 -81.0 I -3.44 -2.43 
12 0.42 -81.1 0 -3.49 -2.46 
13 0.41 -8 J.J 5 -3.41 -2.42 
J 79.95 0.00 20.05 20.00 
K 80.0 0.00 20.06 0.00 
L 79.80 -3.0 1 20.06 -18.00 
M 9.93 0.00 20.06 20.00 
(a) Catoridge substation Bus e, via Line 8 
Table 3.9 shows (he voltage at Bus E was 88.00 kV with a voltage angle of 47.45 
degrees lagging and the voltage at Bus C was 89.43kV with a voltage angle of48.14 
degrees lagg ing. Act ive power to the magnitude of9.27MW was transferred from the 
hydroelectric generation scheme to Bus C. A reactive power value of 29.42MV Ar 
was transferred from Bus C to Bus E. 
(b) Kwa-Ximba District (Bus F) 
The voltage at Bus F was 87.93kV with a vo ltage angle of 47.48 degrees lagging. Bus 
F was then compared to Bus E and a magnitude of 10.57 MW of active power was 
absorbed from Bus E and 7.37 MV Ar of reactive power was directed towards Bus E. 
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It is therefore noted that Bus F serves as the power bus to Bus G and H and I through 
Bus E. 
(c) Catoridge Traction (Bus 8) 
The voltage at Bus 8 was 89.99kV with a voltage angle of 48.41 degrees lagging. 
Consequent ly the voltage at Bus A was 90.78kV with a voltage angle of 48.75 
degrees lagg ing. In addition, Bus B was compared to Bus A and C. An active power 
of 1.04 MW was absorbed from Bus C and in exchange O.73MV Ar of reactive power 
was transferred from Bus B to Bus A, when measured from this node. Bus A has a 
higher voltage than Bus C and B. 
d) Georgedalc 88 kY (AC) Bus A 
An active power entry of 3.82 MW into Bus A was recorded and 32.20MVAr of 
reactive power was transferred towards Bus B through Lines 1 and 2. Lines 1 and 2 
are connected. 
3.5.3 Load flow analyses for Network 8 
The hydroelectric generation scheme, using HV AC technology is operated in parallel 
to the existing Catoridge-Georgedale sub-transmission network. The following values 
were recorded under nooual operating conditions when simulated (Table 3.10). Also 
see Drawing 4. 
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Table 3.10 Load flow analyses of Network B 
Bus Name Bus Voltage Voltage Angle at Act ive power in Reactive power in 
(kV) node in deg bran ch (MW) branch (MVA r) 
A 91.66 -49.11 · ).89 11 .09 
B 91.4 1 -48.96 -1 .06 -0.75 
C (Line 8) 91.27 -48.83 -9.19 8.73 
C (Line 6) 9 1.27 -48.83 4.99 -10.54 
0 11.32 - 19.77 2.08 0.84 
E 90.96 -48.42 -19.7905 1.8905 
F 90.89 -48.45 -10.56 -7.35 
G 11.33 -84.04 -10.56 -6.68 
HI 10.96 · 80.8) -3.47 -2.24 
H2 11.14 -80.94 -3.34 -2.22 
H) 11. 17 ·80.% -3.33 -2.22 
11 0.4 1 -81.92 -3.46 -2.75 
12 0.41 -82.05 -3.43 -2.73 
13 OAl · 82.07 -3.44 -2.73 
J 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 
L 91.5 1 -48.59 20 -2.78 
M 1\.11 -44.20 20.00 -1.93 
(al Kwa-Ximba (Bus El 
Table 3. 10 shows the voltage at Bus L was 91.5 1 V with a vo ltage angle of 48.59 
degrees lagging. The voltage at Bus E was 90.96kV and a voltage angle of 48.42 
degrees lagging was recorded. Act ive power (AC) with a magni tude of 19.79 MW 
was transferred from the hydroelectric generation scheme Bus L to Bus E. A react ive 
power value of 1.89 MV Ar was transferred towards Bus L. Bus L absorbed a total of 
2.78 MVAr of react ive power. 
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Comparison of power flow between Bus E to Bus L with Networ ks A and B 
(Referto Table 3.11) 
The HVDC hydroelectric generation scheme as detailed in Network A, managed to 
absorb more reactive power from Bus E, than in Network B. In Network A, Bus E 
de li vered 22.04 MVAr of reactive power to the HVDC hydroelectric generation 
scheme. In Network B, Bus E de livered 1.89MV Ar of reactive power to the HV AC 
hydroelectric generation scheme. A noticeable improvement between the two 
networks is 91.42 %, in favor of the HVDC hydroelectric generation scheme. 
(b) Catoridge Bus C, via Line 8 
The voltage at bus C was recorded to be 91.27 kV with a vo ltage ang le of 48.83 
degrees lagging and the voltage at Bus E was 90.96 kV with a voltage angle of 48.42 
degrees lagging. Active power (AC) with a magnitude of9. 19 MW was transferred 
from the hydroelectric generation scheme Bus L to E and to Bus C. Active power with 
a magnitude of 10.56 MW was absorbed from Bus L to E to Bus F. A reactive power 
va lue of 8.73 MV Ar was transferred towards the Bus E from Bus C. 
Comparison of power flow between Bus C to Bus E (via Line 8) with Networks A 
and B (Refer to Table 3.11) 
In Network A, Bus C absorbed 9.27 MW of active power from the HVDC hydro 
power system. Reactive power magnitude of29.42 MVAr was transferred towards the 
HVDe system deta iled in Network A and in Network B. Bus C absorbed 9.19 MW of 
active power from the HVAC system and 8.73 MVAr of reactive power was 
transferred towards the HVAC system. Bus C in Network A absorbed 0.863 % more 
active power from the HVDe system compared to Nehvork B at the same node. In 
add ition. at the same node in Network A, Bus C transfe rred 236.9 %more reactive 
power to the HVDC power system than in Network B. Comparative ly, Network A 
contributes more positively to network stability than Network B. 
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(c) Kwa-Ximba Rural (Bus F) 
The voltage at Bus F was 90.89 kV with a vo ltage angle of 48.45 degrees lagging and 
was compared to Bus E. A magnitude of 10.56 MW of act ive power was absorbed 
from Bus E and 7.35 MV Ar of reactive power was directed towards Bus E. 
Comparison of power flow between Bus F to Bus E with Networks A and B 
(Refer to Table 3. 11 ) 
Bus F absorbed 10.57 MW of active power from Bus E and 7.37 MV Ar of reactive 
power was transferred from Bus F to Bus E as deta iled in Network A. In Network B, 
Bus F absorbed 10.56 MW of active power from Bus E and 7.35 MVAr react ive 
power was transferred to Bus E. Bus F in Network A absorbed 0.095 % more active 
power. than in Network 8 at the same node under the same load conditions. 
(d) Catoridge Traction (Bus B) 
The voltage at Bus B was 91.41 kV with a vo ltage angle of 48.96 degrees lagging was 
recorded. Consequently the vo ltage at Bus A was 91.66 kV and a voltage angle of 
49.11 degrees lagging was recorded. In addition, Bus B was compared to Bus A and 
C. An active power of 1.06 MW was absorbed from Bus C and in exchange 
0.75MVAr of reactive power was transferred towards Bus A. which has a higher 
vo ltage than Bus C and B. 
Comparison of power flow at Bus B with Networks A and B (Refer to Table 3. 11 ) 
Bus B absorbed 1.04 MW of active power and 0.73 MV Ar of react ive power from 
HVDe system detailed in Network A and in Network B. Bus B absorbed 1.06 MW of 
active power from the HV AC system and 0.75 MV Ar of reactive power from Bus A. 
Bus B in Network A absorbed 1.923 % less active power to Bus C than in Network B 
at the same node under the same load conditions. 
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(e) Georgedale 88 kV (AC) Bus A 
An active power entry of 3.89 MW into Bus A was recorded and 11.09 MVAr of 
reactive power was transferred towards Bus B through Lines I and 2. Lines J and 2 
are connected. 
Table 3. J 1 shows a comparison of the changes in load flow, that wou ld exist under 
normal operating conditions, for Networks A and B. 
Table 3. t 1 Comparison of load flows at various points in Network A and B 
Network Bus name Active power in Reactive power in 
branch (MW) bram:h (MVAr) 
A A -3.82 32.20 
B A -3.89 11.09 
A B -1.04 -0.73 
B B -1.06 -0.75 
A C -9.27 29.42 
B C -9.19 8.73 
A D -2.07 -0.83 
B D 2.08 0.84 
A E -20.05 22.04 
B E -19.79 1. 89 
A F -10.57 -7.37 
B F -1 0.56 -7.35 
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3.5.4 Load flow analyses for Network C 
Network C involves power supply to Kwa~Ximba by extending Eskom's existing AC 
Catoridge~Georgedale sub~transmission network with the hydroelectric generation 
scheme switched off. Buses J, K, L and M are de~energised. The following va lues 
were recorded under normal operating conditions when simulated (Table 3. 12). Also 
see Drawing 5. 
Table 3.12 Load flow analyses for Network C 
Bus Name Bus Voltage Voltage Angle at Active power in Reactive power in 
(kV) node in dcg branch (MW) branch (MVAr) 
A 91.33 -SO.82 15.94 9.3 
8 90.86 -SI.00 -1.0S -0.74 
C(Linc8) 90.55 -51.1 3 10.61 6.86 
C(Line6) 90.55 -S1.I3 -14.81 -8.67 
D 11 .38 -22 .07 2.11 0.85 
E(Une8) 89.97 -S1.41 -1O.S8 -7.3 1 
F 89.90 -S1.44 - 10.58 -7.31 
G 11.33 -84.04 -10.58 -6.68 
HI 10.98 -83.82 -3.47 -2.24 
H2 11.16 -83.93 -3.44 ~2.22 
H3 11.1 9 -83.95 -3.45 -2.23 
11 0.42 -84.91 -3.47 -2.15 
12 0.41 -8S.03 -3.44 ~2.13 
13 0.4 1 -85.05 -3.45 -2.14 
) 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 
L 0.00 0.00 0.00 0.00 
M 0.00 0.00 0.00 0.00 
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(a) Kwa-Xirnba (Bus F) 
Table 3.12 shows the voltage at Bus F was 89.90 kV with a voltage angle of 51.44 
degrees lagging and the voltage at Bus E was 89.97 kV with a vo ltage angle of 51.41 
degrees lagging. An active power magnitude of 10.58 MW was transferred to Bus E 
from Bus F. A reactive power value of7.31 MVAr was transferred from Bus F to Bus 
E. 
Comparison of power flow between Bus F to E with Networks A and C 
(Refer to Table 3.13) 
The amount of reactive power delivered from Bus F 10 Bus E was 7.37 MVAr. This 
value of active and reactive power transfer between the same two nodes remained 
unchanged when compared to network A. 
(b) Catoridge Bus C (Line 8) 
The voltage at Bus C was 90.55 kV with a voltage angle of 5 1.13 degrees lagging and 
the voltage at Bus E was 89.97kV with a voltage ang le of 51.41 degrees lagging. An 
active power (AC) with a magnitude of 10.61 MW was transferred from Bus e to Bus 
E and 6.86 MV Ar of reactive power flowed from Bus E to Bus C. 
Comparison of power flow between Bus C to E (via Line 8) with Networks 
A and C (Referto Table 3.13) 
In Network A, Bus e absorbed 9.27 MW of active power from the HVDC hydro 
generation system. A reactive power magnitude of 29.42 MVAr was delivered to Bus 
E i.e. the HYDe system detailed in Nen ..... ork A. In Network e, Bus e delivered 10.61 
MW of active power to Bus E. A react ive power magnitude of 6.86 MVAr was 
absorbed from Bus E. Bus e in Nenvork e absorbed 14.455 % more active power, 
and transferred 328.86 % more reactive power than in Network A at the same node. 
This signifies that the HYDe power system as detailed in Network A has a pos itive 
effect of reducing reactive power from the pre-existing sub transmission nen ..... ork and 
renders a more efficient means of power flow. 
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Comparison of power now between Bus C to E (via Line 8) with Networks 
Band C (Refer to Table 3.14) 
In Network B, Bus C absorbed 9.19 MW of active power from the HVAC hydro 
generation system. A reactive power magnitude of8.73 MVAr was delivered to Bus E 
which is the HV AC system detailed in Network B. In Network C, Bus C delivered 
10.61 MW of active power to Bus E. A reactive power magnitude of6.86 MYAr was 
transferred from Bus E to Bus C. In Network C, 13.38% more active power flows 
through this specific node when compared to Network B. This condit ion therefore 
contributes to a higher heat value at this node. 
When comparing Network B to C it was noted, the direction of power flow was in 
oppos ite directions. In Network e, the hydroelectric plant is switched ofT. 
(c) Catoridge Traction (Bus B) 
The voltage at Bus B was 90.86kV and a voltage angle of 51.00 degrees lagging was 
recorded. Consequently the voltage at Bus A was 91.33 kV with a voltage angle of 
50.82 degrees lagging was recorded. In addition, 8us 8 was compared 10 Bus A and 
C. The voltage ang le at Bus e is higher than that of Bus A and Bus B. An active 
power of 1.05 MW is transferred from Bus A to Bus B and in exchange, 0.74 MY Ar 
of reactive power was transferred towards Bus e. Bus A has a higher voltage level 
than Bus C and B. 
Comparison of power flow at Bus B with Networks A and C (Refer to Table 3.13) 
In Network A, Bus B absorbed 1.04 MW of active power from the HYDC system nnd 
in exchange it delivered 0.73 MYAr of reactive power to Bus A. Bus A has a higher 
voltage magnitude than Bus C and Bus B. In Network C, Bus B absorbed 1.05 MW of 
active power from Bus A and delivered 0.74 MYAr ofreactive power to Bus A. Bus 
B in Network C absorbed 0.96 % more active power from Bus A and delivered 1.36 
% less reactive power to Bus A in Network C. 
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Comparison of power flow a t Bus 8 with Networks Band C (Refer to Table 3. 14) 
Network B. Bus B absorbed 1.06 MW of active power and in exchange it delivered 
0.75 MV Ar of reactive power to Bus A. Bus A has a higher voltage magnitude than 
bus C and Bus B. In Network C, Bus 8 absorbed 1.05 MW of active power from Bus 
A and delivered 0.74 MV Ar of reactive power to Bus A. In this instance the direction 
of power flow remained the same. The change in active and reactive power flow is 
negligible. 
(d) Georgedale 88 kV (AC) Bus A 
An act ive power 15.94 MW was delivered from Bus A towards the direction of the 
following Buses:- B, C, D, E and F. A reactive power magnitude of 9.3 MVAr was 
absorbed by Bus A. A bus voltage of 91.33 kV and a voltage angle of 50.82 degrees 
lagging was recorded. Buses A to I are connected as a spur feed and the changes in 
bus vo ltage, voltage angle, and the flow of active and reactive power denotes typica l 
characteristics of a spur feeder system. 
Comparison of power flow at Bus A with Networks 8 and C 
(Refer to Table 3. 14) 
The direction of power flow was in opposite direction to each of the above networks 
under study. In Network B, Bus A received 3.89MW of active power from the HV AC 
hydroelectric generator scheme and delivered II .09MV Ar of reactive power towards 
the same scheme. However, in Network C, Bus A was the supply bus to Bus B, C, D, 
E through to Bus 11, 12 and 13. The magnitude of reactive power flow was reduced by 
16.14% when compared to Network B 
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Table 3.13 shows a comparison of the changes in load fl ow, that would exist under 
normal operating conditions, for Networks A and C. 
Table 3.13 Comparison of load flow at various points in Networks A and C 
Network Bus name Acti .... e Power in Reacti .... e Power in 
option branch (MW) branch (MVAr) 
A A -3.82 32.20 
C A 15.94 9.3 
A B -1.04 -0.73 
C B -1.05 -0.74 
A C -9.27 29.42 
C C 10.61 6.86 
A D -2.07 -0.83 
C D 2.11 0.85 
A E -20.05 22.04 
C E -10.58 -7.31 
A F -10.57 -7.37 
C F -10. 57 -7.37 
Table 3. 14 detail s a comparison of act ive and reacti ve power flow (load flows) at 
various nodes in Network B and Network C under nonnal operating conditions. In 
addition Table 3.10 and 3.12 deta ils a comparison in bus voltage and the voltage angle 
at each node and active and reactive power flows. In general, at Network C the Bus 
voltages and voltage angles operated at a lower magnitude. 
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Table3.14 Comparison of load flows at va rious points in Network Band C 
Network Bus name Active power in Reactive power in 
bra nch (MW) branch (MVAr) 
B A -3.89 11.09 
C A 15.94 9.3 
B B · 1.06 ·0.75 
C B · 1.05 ·0.74 
B C -9.19 8.73 
C C 10.61 6.86 
B D 2.08 0.84 
C D 2.11 0.85 
B E ·19.79 1. 89 
C E ·10.58 -7.3 1 
B F · 10.56 ·7.35 
C F -10.57 -7.37 
3.8 Economic analyses for each Network 
The cost of each network has been analysed. Costs include (a) system studies, (b) 
electrical and civil design, (c) supply of equipment to site, (d) civil works, (e) 
insta llation of e lectrical and mechanica l equipment, (t) commissioning, (g) tra ining of 
operators and maintenance personnel, (h) spare parts and (i) docu mentation. Further 
economic ana lyses include the annual (i) the income generated from the sa le of the 
power to Kwa-Ximba and the Catoridge-Georgeda le sub-transmission network (i i) 
the total anticipated expenses and (i ii) the annual net profil for each network. 
3.8.1 Network A 
A cost analys is has been compiled for Network A to determine (i) the cost of the 
hydroelectric generation scheme (Table 3.15) and Oi) the cost of basic e lectrical 
infrastructure that needs to be insta lled in the district of Kwa·Ximba (Table 3.16). The 
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purpose of which is to determine how feasible it would be, from a business 
perspective, to develop a scheme of this nature. 
Table 3.15 shows detailed comparisons between the costs of 20 MW, 30 MW and 50 
MW converter stations and hydroe lectric generator sets as well as associated costs for 
the hydroelectric generation scheme. The 20 MW converter station and the 20 MW, 
1I kV, 3 phase, 3 wire hydroelectric generator sets proved to be the cheapest 
alternative. Moreover, the 20 MW hydroelectric generator adequately meets with the 
demand forecast for the next thirty years (refer to Table 3.3). The 20 MW converter 
station and the 20 MW hydroelectric generator set were therefore chosen for the 
hydroelectric generation scheme, in the present study. 
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Table 3.15 Cost analysis for the hydroelectric gcneration scheme for Network A 
Converter Station s 20MW 30MW 50 MW 
Valves R6 440 000 11013100 16686500 
Converter transformers R6352 000 8810480 13349200 
Freight insurance RI 610000 2753280 4171630 
Engineering Rl 220 000 5506550 8343250 
Erection. commissioning R2 576 000 4405240 6674600 
Other equipment R3 220 000 5506550 8343250 
Control R2 254 000 3854590 5840280 
AC fi lters R3 220 000 5506550 8343250 
Civil works, buildings R4 508 000 7709170 II 680600 
Rl3400000 55065500 83432560 
Hydroelectric generator sets 
20MW, I lkV, 3 phase 3 w ire R9 200 000 
30MW, I lkV, 3 phase 3 wire 14250 QOO 
SOMW, IlkV,3 phase 3 wire 23750000 
HVDe triple extruded R I 200000 RI 20Q QOO RI 20Q QOO 
@ 45km (bipole) cable 
T ransformer Tt 11I88kV 20 RI 350000 RI 350000 RI 350000 
MVA 
C ivil costs R6 363 000 RI0061 170 R 15362558 
Installation costs R 5 454 000 R 8 623860 R 13 167907 
Testin g and Commissionin g R 3636 000 R 5 749 240 R 8 778 605 
RIH5J QQQ R 24434270 R 37 309 070 
Cost of hydroelectric 
generation scheme R 60 903 000 R 96 299 770 R 147 041 630 
The costs of the various converter stations and the two 45 km triple extruded polymetric HVDe cables 
were obtained from Rashwan, 2005. 
The cost of hydroelectric generator sets were obtained from Dragu et al., 2000. 
The cost of transformers were obtained from Pccr Review, 2004. 
All cost assumptions exclude Value Added Ta,,< (VAT) 
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As mentioned previously Kwa-Ximba does not have any existing electrical 
infrastructure. The basic electrical infrastructure that is required to be installed and 
the costs involved are detailed in Table 3. 16. 
Table 3.16 Cost of basic electrical infrastructure required to be installed at 
Kwa-Ximba for power rating not exceeding 20 MW for Network A 
Description 
Transformer T2 11 /88kY 20 MYA 
Transformer T3 I 1 /400Y 10 MYA 
Transfonner T4 11 1400Y 10 MYA 
TransformerT5 11 /400Y 10 MYA 
95 mm2 X 3c alumin ium conductorl XPLE insulated 11 kY 
cable 
Civil costs - Trenching and backfilling 
Installation costs 
Testing and Commissioning 
Cost of basic electrical infrastructure 











R I 620950 
R6 386 950 
The cost of the XPLE insulated 11 kV cable was obtained from www.esru.strath.ac.uk 
A11 cost assumptions exclude Value Added Tax (VAT) 
The cost of insta lling a 20MW hydroelectric generation scheme is R60 903 000.00 
(Table 3. I 5) and the cost of basic e lectrica l infrastructure for Kwa-Ximba (Table 
3.16) is R6 388 450. The tota l cost of Network A is thus R67 291450. The potential 
developer for this project is Umgeni Water. It is proposed that they rai se the capital 
sum of R67 291 450.00 at a commercial bank in the form of a bank loan. If the 
repayment period is extended over twenty years at an annua l bank interest rate of 
8.55% the annual repayment value will be R7 296 660. With regards to operat ion and 
maintenance costs, an allowance of 3 - 5% of infrastructure cost is usually set aside 
for this purpose, per annum (Hauth et al. , 1997). A conservative approach was 
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adopted in the present study by se lecting a value of 5% per annum, which amounts to 
R3 364 572 (Table 3. 17). 
Table 3.17 Total anticipated expenses per annum for Network A 
Expense Amount 
Principle loan value R67 291 450 
Annual loan repayment at 8.55% over 20 R7 296 660 
years 
Operating and Maintenance cost @ 5% per 
annum 
Total anticipated expenses per annum 
R3 364572 
RIO 661 232 
The total anticipated expenses of RI O 661 232 per annum has to be weighted against 
the income that will be generated from the sa le of power to Kwa-Ximba and Eskom 's 
Catoridge-Georgeda le sub-transmiss ion network. The (i) anticipated absorbed power 
per month, (ii) demand charge, (i ii) energy charge and (iv) fixed charge was 
considered for each site for the year 2005 in order to calculate net income per annum 
(Table 3.18). 
It is envisaged that Eskom wi ll buy power from the developer, which is Umgeni 
Water at the same cost at which it suppl ies power. However due to the influences that 
economies of sca le have on businesses in the real world, Eskom may choose to pay 
more or less for the power it would im port from the hydroelectric generation scheme. 
This may be influenced by the net positive impact it would have on its sub-
transmission network especially in cases where it is requ ired to operate within the 
thenna! limits of its present network. Since Lines 8, 9 and to (Drawing No. 4) wi ll 
not always operate at peak load, the load duration must also be considered when 
setting a tariff. For this reason a de-rating factor that takes into account line usage, 
duration and losses over a period of one year is used. In the present analysis the de-
rating factor is assumed to be 0.4. The factor of 0.4 will decrease once the connected 
load at Kwa-Ximba increases. The main contributing factor wi ll be an increase in 
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small to medium size industry and household connections. Power quality, easy access 
and affordability wi ll be the drivers that will reduce the factor allowed in present 
study into future years. 
Table 3.18 Income generated from Kwa-Ximba and Eskom 's Catoridge -
Georgedale sub-transmission network per annum based on the 
yea r 2005 
Description 
Anticipated absorbed power per month 




Income generated per annum 







R 8 814131 R4 166889 
The tariffs were obtained rrom Eskom's Electricity Tariff structure ror 200516. The tariffs are 
applicable 10 bulk consumer low voltage. The tariff associaled with (i) demand charge. (ii) energy 
charge and (iii) fixed charge have been assumed 10 be the same ror this study over all three proposed 
networks. 
The total income is thus R8 814 131 + R4 166 889 ~ RI2 98 1 020 per annum. 
Total income - total anticipated expenses (per annum) = R J 2 98 1 020· RIO 661 232 = 
R2 319 788 per annum. The annual net profit for Network A is thus R2 319 788. 
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3.8.2 Network B 
• 
Table 3.19 Cost of the hydroelectric generation scheme in Network B 
Item 
Hydroelectric generator sets 20MW, l lkY, 
3 phase 3 wire 
Transformer TI 11 /88kV 20 MVA 
20 M W 88 kV overhead line extension over 
a d istance of 45, 7 km 
Civil costs 
Installation costs 
Testing and Commiss ioning 
Cost of the hydroelectric generation 
scheme 
Cost 
R9 500 000 
RI 350 000 
R2 285 000 
R I 838900 
R I 576200 
R I 050800 
R4 465 900 
R 17 600 900 
The cost of overhead line extension was obtained from the NER Journal , 2000 
All cost assumptions exclude Value Added Tax (VAT) 
The cost of the hydroelectric generation scheme for Network B is R 17 600 900 
(Table 3.19) and the cost of basic electrical infrastructure at Kwa-Ximba is 
R6 386 950 (Table 3. 16, same as in Network A) . The total cost for Network B is thus 
R23 987 850. If the developer raises a bank loan for th is amount over a 20-year term, 
at an annual bank interest rate of 8.55%, the annual repayment va lue wi ll be 
R2 497 048 (fable 3.20). 
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Table 3.20 Total anticipated expenses per annum for Network B 
Expense Amount 
Principle loan va lue R23 987 850 
Annual loan repayment at 8.55% over 20 R2 497 048 
years 
Operating and Maintenance cost @ 5% per RI 199392 
annum 
Total anticipated expenses per annum R3 696440 
The total income generated from supplying power to Kwa-Ximba and the Catoridge-
Georgeda le sub-transmission network is assumed to be the same as in Network A 
(Table 3.18). Therefore: -
Total income - tota l anticipated expenses (per annum) = RI2 981 020 - R3 696 440 
The annual net profit on Network B is thus R9 284 580. 
3.8.3 Network C 
Table 3.21 Cost of Line extension to Kwa-Ximba including basic electrical 
infrastructure at Kwa-Xiimba 
(tern 
20 MW 88 kV overhead line extension over 
a di stance of 700m 
Basic electrical infrastructure at Kwa-Xi imba 
(From Table 3.15) 
Civi l costs 
Insta llation costs 
Testing and Commiss ioning 
Total cost of Network C 
The cost or grid extension was obtained rrom the NER Journal, 2000 
All cost assumptions exclude Value Added Tax (VAT) 
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Cost 
R 350 000 





R6 855 950 
If the developer raises a bank loan for the amount of R6 855 950 over a 20-year term, 
at an annual bank interest rate of8.55%, the annual repayment value will be R713 679 
over the next 20 years (Table 3.22). 
Table 3.22 Total anticipated expenses per annum for Network C 
Expense 
Principle loan value 
Annua l repayment at 8.55% over 20 years 
Operating and Maintenance cost @ 5% per 
annum 
Total anticipated expenses per annum 
Amount 




The income generated wiII be only from the sa le of power to Kwa-Ximba. This will 
amount to R 8 814 i3J per annum. Therefore:-
Total income - total anticipated expenses (per annum) = R 8 814 131 - RI 056 476 
The annual net profit on Network C is thus R 7 757 655. 
Table 3.23 details the annual net profit for each network. 






R67 291 450 
R23 987 850 
R 6 855 950 
Annual net profit 
R2 319 788 
R9 284 580 
R 7 757 655 
From an economical perspective, Network B, is the most lucrative and from a 
technical perspective, Network A contributes the most to system stability for the 
Catoridge-Georgdale sub-transmission network. The financial benefits have to be 




DISCUSSION OF RESULTS 
Three networks have been described to consider the poss ibility of supplying the rural 
location of Kwa-Ximba with power from a hydroelectric generation scheme, and 
transmit the excess capacity to Eskom's Catoridge-Georgedale sub-transmission 
network, for system enhancement purposes. Network A involves supplying power to 
Kwa-Ximba, and the Catoridge-Georgedale sub-transmission network, from the 
hydroelectric generation scheme, using HVDe technology. It must be noted that 
there are no previous reports detailing the use of HVDe in a medium vo ltage 
app lication, in power supp ly in South Africa. Network B also involves supplying 
power to Kwa-Ximba and the sub-transmission network from the hydroelectric 
generation scheme, however, via a HVAC transmiss ion overhead line. 
The overall purpose of connecting to the Eskom network is to demonstrate the impact 
it would have on the network under normal operating conditions, the transient and 
dynam ic stability of the Catoridge-Georgedale sub-transm iss ion network. The present 
study revealed that the hydroelectric generation plant is able to operate at its full rated 
capacity in Networks A and B. The study also demonstrated that the use of a HVDC 
system (Network A) has more technical advantages in overall power system 
enhancement than an HV AC system (Network B). Comparisons between the load 
flows of Networks A and B under normal operating condit ions has revealed the 
following:- In Network A:- (i) Bus F, consumes 0.094 % more active power and 
deli vers 0.272 % more reactive power, (ii) Bus E, consumes 1.314 % more act ive 
power and delivers 1066.14 % more reactive power, (Hi) Bus C, consumes 0.87 % 
more active power and delivers 236.99 % more reactive power, (iv) Bus D, consumes 
0.483 % more active power and delivers 1.19 % less react ive power, (v) Bus B, 
consumes 1.887 % less active power and delivers 2.667 % more reactive power, (vi) 
Bus A, consumes 1.799 % less active power and delivers 190.35 % more reactive 
power, when compared to Network B. 
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It is evident that, Nehyork A confers more stability to Eskom's network and 
contributes more positively to overa ll system enhancement than the HV AC system. 
Overall, Network A absorbs 1065.8 % more reactive power from the network when 
compared to Network B. The power flow to Kwa-Ximba was made constant when 
Networks A, Band C were operated. 
Comparisons between the load flows of Nehvorks A and C under nonna1 operating 
conditions has revealed the following:- In Network C:- (i) the power flow from Bus E to 
F was constant, (ii) Bus E. consumes 89.51 % less active power and delivers 2.01% 
less reactive power, (iii) Bus C. consumes 12.215 % more active power and delivers 
328.86 % less reactive power, (iv) Bus D, consumes 1.896% more active power and 
delivers 2.354 % more reactive power, (v) Bus B, consumes 0.952 % more active 
power and delivers 1.352 % more reactive power, (vi) Bus A, consumes 76.00 % 
more active power and delivers 246.24 % less reactive power, when compared to 
Network A. 
It is therefore evident that if Eskom had to extend their Catoridge-Georgedale sub-
transmission nenyork to Kwa-Ximba. the extension will place a high burden on the 
existing sub-transmission network. This is evident by the increase in active power 
demand at 8us A, C and E. Undoubtedly Network C. places risk from a network 
security and stability perspective due to the increase in load of the transmission lines. 
Beyond the year 2032 the power demand by Kwa-Ximba will exceed 20MW, 
resulting in a substantial risk to network security. Therefore in the long tenn it is 
beneficial to have the hydroelectric generation scheme installed to avo id excess 
loading on the network. If the hydroe lectric generation scheme is used to provide 
power to Kwa-Ximba and Catoridge-Georgedale, system stabi lity wi ll be 
considerably enhanced. 
When Network 8 was compared to Network C, it was noted that Network C operated 
with a higher load condition. This was clearly demonstrated with the recording of 
higher active power magnitude. In Network B the hydroelectric generation scheme 
ran in parallel to the Catoridge-Georgedale sub-transmission network. The 
hydroelectric generation scheme was ab le to absorb, marginally more reactive power 
from the sub-transmission nehyork than Network C. This was demonstrated at 8us A. 
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Overall, the present study has shown that Eskom will benefit directly from the 
implementation of Network A, rather than Networks Band C with regards to system 
stability of their Catoridge-Georgedale sub-transmision network. The HYDC network 
is able to operate more efficient ly by minimising system losses. The magnitude of 
reactive power also reduced significantly. This results in the network having an 
increased capacity to deliver active power. This therefore contributed to better line 
utilisation when the various nodes were analysed. 
The HVDC transmission by virtue of its control system wi ll not impact on the short circuit 
level of the transmission system. Blackouts in the Kwa-Ximba installation can be 
prevented by enabling cascaded outages from limiting the impact of multiple faults. In 
the present study. 30 MVA, 80 kY cables are used. The use of DC cable transmission will 
obviate many of the problems assoc iated with AC cable transmiss ions e.g. no extra current 
is required fo r charging of the cable to its operating voltage level as in the case of AC 
cable transmission. With HVDC cable transmission such physical characteristics have no 
impact on power flow, voltage profile or transmission distance. 
If HVAC and not HVDC transmiss ion is used, new ri ghts of way for overhead lines 
will have to be obta ined. Legislation guarding environmental concerns is extremely 
high in South Africa. Concessions for new right-of ways may be hard to achieve and 
may also be a serious obstacle with regards to environmental impact and the 
distribution of electrical energy. From an environmental point of view, underground 
triple extruded polymetric HYDe cables would be more viab le. Extruded DC cables 
are easier to install compared to the XL PE HV AC cables since no cross bonding is 
needed to reduce screen losses, i.e. link boxes and surge voltage limiters are not 
needed in HYDC cable systems. 
Long di stance HYAC transmission with overhead lines require an increase in vo ltage 
with increasing distance from a broad perspective. Long di stances, as in the case with 
distant rural areas in South Africa, this can become technically imposs ible or 
economically too cost ly. For example, the insta llation of HYAC lines in locations in 
the Nata l Midlands along the Drakensberg mountain range can prove to be very costly 
and challenging. This is because these locations are sparsely populated and many of 
them are sited in mountainous areas. The extruded HVDC cables to be used in the 
present development are very effective with regard to direct vo ltage capacity and 
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thereby gives possibilities for high power compared to a simi lar HVAC cable. The 
underground cables will minimize environmental, aesthetic and commercial impacts. 
Furthermore, underground cables wi ll minimise the profile of wiring and pylons for 
the given power transmiss ion capacity. Based on recent studies these HVDC cab les 
needs less space than an HVAC overhead line and can carry more power than an 
HVAC cable and is therefore many times the only practical solution. 
Economical ana lyses in the present study reveals that the insta llation of Network A 
will cost 64% more than Network Band 89.81 % more than Network C. Network B 
will result in the highest annual net profit per annum (Table 3.23). The 
implementation of e ither Network A or C will translate to a loss of opportunity profit 
amounting to R6 964 792 (in the case of Network A) and RI 526925 (in the case of 
Network C) per annum to the deve loper. The loss of opportunity profit by the 
developer needs to be measured against the technical benefit's that Network A has on 
Eskom's Catoridge-Georgedale sub-transm ission network. The undertaking to install 
Network A hinges on Eskom's commitment to improve the power transfer efficiency, 
at the sections of the of the present sub-transmission network as detailed in study. It 
is recommended that Eskom conduct a cost benefit ana lys is based on the ir long-term 
transmission and business objectives to identify and quantify the benefits of 
contributing financially to the installation of Network A. The financial contribution 
can take the form of (i) paying the developer a higher tariff in the form of a subs idy or 
(ii) contributing a percentage towards the difference in capital costs for Network A 
and B which amounts to R 43 303 600. The other alternati ve is for the developer to 
implement Network B, which involves the installation of the hydroelectric generation 
scheme and basic infrastructure for Kwa-Ximba, as an immediate so lution. At later 
stage Eskom can install the HYDe converter stations, HYDC transmission cables and 
pay the associated HVDC transmission costs when the costs of HYDC converters and 
cables become more competitive and market re lated. It would be incumbent upon 
Eskom to fund this installation since they wou ld benefit directly from the installation 
over the long term. 
With regards to environmental impact HYDe transmission is also more viable than 
HYAC transmission. Society is becoming more aware of the need for environmentally 
friendly solutions for the generation and transmission of electricity. Maximising 
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performance can lead to a negative environmental impact. Therefore there is a need 
to balance performance with minimal negative environmental impact. 
With the immediate environmental benefi ts of HYDC technology, obtaining the necessary 
permits will be relatively easy. As opposed to obtaining permits for overhead transmission 
line, using underground cables for transmission will not create any permitting problems 
and the out-come is predictable and timeous. Tougher environmental concerns are 
placing heavy restrictions on right-of-ways fo r building new overhead transmiss ion 
lines and for the construction of new generating plants. In the present study, existing 
rights-of-ways wi ll be used, which wi ll ease the permit procedure. 
Furthermore, both the 20 MW converter stations are modular and flexible in design. 
They are designed to be as compact as possible in order not to have a negative impact 
on the environment. 
A HYDC system a lso allev iates the problems associated with magnetic fields. 
Whenever electricity is transmitted through a conductor, it generates a magnetic field 
around it. With HYDC transmission, the field is of the same type as the earth's natural 
magnetic fie ld. This is completely different to the AC fields normall y produced, for 
example, around overhead lines. The electromagnetic fie ld from a DC cable is very 
low and cancels each other out. Any radiated field is thus a static field as opposed to 
the power frequency fie lds radiated from HVAC cables. Also, since the HYDC 
transmission system used in the present study is bipolar they do not transm it any 
currents into the ground, which can disturb communication systems or cause 
corros ion to oi l pipelines belonging to Petronet and water pipelines belonging to 
Umgeni Water. Measurements have shown that the magnet ic field around the cable at 
a distance of six meters is equa l in strength to the earth's natural magnetic field, while 
at a distance of 60 meters its intensity drops to just one tenth of that field. 
The use of a YSC combined with extruded HYDC cables wi ll also save the 
environment by replacing burning of gas and fossil fue lled local diesel generators, 
with a non polluting, small scale hyd roelectric generation scheme, namely Nagle 
Dam. The hydroelectric generation scheme wi ll have a limited visual impact and the 
noise made by the plant's turbines and generators can be minimised through insulation 
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equipment. An HYDC cable connection could be a better choice than building a local 
power plant based on fossil fue ls in the Kwa-Ximba area. Also, the pollution and 
noise produced when the diesel fue l is transported wi ll be completely eliminated by a 
hydroelectric generation scheme. 
The present study has shown that a YSC based HYDC transmission offers more 
power stability than the HYAC alternat ive. The HYDe system also exhibits more 
control capabilities and is more environmentally friendly than thc HYAC alternative. 
HYDC transmiss ion also makes it feasible to use remote generation sites thus taking 
full advantage of local renewable energy sources. However, the exorbitant cost of an 
HYDC transmiss ion will only be justified if the power generated was of a higher 
magnitude and covered a longer transmiss ion distance. The costs assoc iated with an 
HYDe technology will be the main obstacle in using renewable energy sources and 
HYDC transmission in supplying small distant rura l areas with power. HYAC still 
provides a cheaper a lternative but is accompanied by many more techn ical problems 
as described above. 
Network C involved supplying power to Kwa-Ximba by extending Eskom 's existing 
AC Catoridge-Georgedale sub-transmiss ion network with the hyd roelectric generation 
scheme switched off. Eskom's network power qua lity is functional and stable. It is 
therefore able to hand le an increase in electrical demand of 10.56 MW for the year 
2006 resulting from the network extension. 
The study demonstrates that the use of a small -scale local hydroe lectric generat ion 
scheme is technica lly more feasible option to transmit power to Kwa-Ximba than 
extending the Catoridge-Georgedale sub-transmiss ion network. It not only maximizes 
the use of a renewable energy source namely Nagle Dam. Network eextension wi ll 
involve cable extensions, system adjustments like frequency controls and generation 
reserve. These adjustments could lead to problems with load flow, system oscillations 
and inter-area osc illations. 
The use of the hydroelectric generation scheme also has the capabil ity of reducing 
potent ial bottlenecks in the Catoridge-Georgedale network. The increase in demand 
on the Catoridge-Georgedale sub-transmission network will impact negatively on the 
short circuit capacity of existing switchgear equipment and other network 
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components. Enhancement of the transm ission systems and the control of load-flow 
will be essential to maintain the network's security. The use of a hyd roelectric 
generation scheme will also prov ide a cost effective solution in providing power in 
the long term, in that the water that is used to turn the turbines will not be wasted but 
sold to people living in the Durban area. 
The power demand for Kwa-Ximba was detennined only by the real demand as stipulated 
by Rural Development planners stationed at the Town Planning Offices of the Ethekweni 
City Council. The electrical power output of 19.7 MW of the hydroelectric generation 
scheme, for the year 2005, is based on the present flow rate of 42.88m3/s. It is imperative 
that the existing two 315 K V A turbine generating plants at Nagle Dam be replaced. They 
are not on ly undersized for the intended commercial application but they are also very old. 
They have been in operation since 1945 and spare parts for them are obsolete. They will 
be replaced with five 11 kV generators, three 5MW generators, one 3MW generator and 
one 2MW generator. The total electrical output power will be 20 MW. The constant 
increase in power demand by Kwa-Ximba will result in a gradual decease in the amount of 
power being sold to Eskom fo r system enhancement. The maximum magnitude of power 
that can be supplied to Eskom will be 8.64 MW in the year 2005 and will gradually 
decrease until the year 2014 when power supply to Eskom's Catoridge-Georgedale sub-
transmission network will be tenninated. The cost of purchasing less than 5MW of power 
against the benefit of obtaining system enhancement in a large sub-transmission network is 
not feasible. 
Since power supply to the Eskom's sub-transmission network is tenninated in the year 
2014 and the power demand by Kwa-Ximba is on ly 12.399 MW with a 17.3% spinning 
reserve, it will not be necessary to have all five generator sets on line. Generator sets 4 and 
5 wi ll be switched off, with I, 2 and 3 delivering a total of 15 MW. This situation remains 
feasible until the year 20 18. 
It is imperative that the most appropriate and cost effective utilisation is made of the 
generators by combining different sets depending on power demand and spinning reserve. 
As time progresses the spinning reserve is continually decreasing as a result of an 
increasing power demand by Kwa-Ximba. It wi ll thus become necessary to bring 
generator set 5 back on line, in the year 20 19 in order to increase the total electrical output 
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power to 17 MW. This combination of generators will allow Kwa-Ximba an average of 
14.05 MW from the years 2019 to 2023 with an adequate spinning reserve. In the year 
2024. generator set 5 will be switched offand generator set 4 brought on line, resulting in a 
total of 18 MW of electrical power. By the year 2028 all five generators will be back on 
line del ivering a total output power of20 MW. 
The converter station in Network A is adequately rated to operate at 20 MV A and the 
HVDC cables are rated to operate at 30 MY A. Beyond the year 2032 it is envisaged that 
the hydroelectric scheme be upgraded by adding more generator sets and the converters 
station be upgraded to a 30 MVA operating capacity. The HVDe cables wi ll not require 
replacement since its operating capacity is already 30 MY A. If Network B is used, it is 
still necessary to upgrade the hydroelectric scheme in the year 2032. 
Should the sale of power to Kwa-Ximba increase significantly, the network will be 
expanded. This expans ion project wil l be termed as a phase two project. The network 
will be extended to other locations with in the d istrict of Kwa-Xi mba. It wou ld make 
business sense to operate the hydroelectric generation scheme at full load with a 
spinning reserve of 10% within the smallest poss ible time frame, in order to achieve 
the best possible Return On Investment (ROI). The possibility o f this happening 
within phase one of the project undertaking is remote, however, phase two where the 
area of supply is extended makes th is high ly probable. 
The present study can be compared to the Directlink HVDe transmission network 
which is an 180 MW underground HYDe transmission wh ich connects New South 
Wales and Queensland electricity grids in Austra lia (Asplund, 2000) . It al so makes 
use of HYDe transmission in a medium voltage app lication. The Directlink 
transmission is composed by three HYDe independent links of 60 MY A each 
operating at 80 kY. The s ix underground cab les are 59 km each. Directlink allows 
power to be traded between the two states for the first time. 
Electricity is a basic necessity and access to it has a wide range of posit ive 
develo pmental benefits for communities. Increased usage of electricity improves the 
level o f we lfare , decreases health expenditures and improves opportuni ties for low-
income families, and women in particular. Poor communities should have access to 
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electricity, and should be enabled to afford it without sacrificing other basic 
necessities. Investors wi ll inevitably be attracted to Kwa·Ximba since it has a high 
growth potential from an infrastructure development perspective and a high presence of 




CONCLUSIONS AND RECOMMENDATIONS 
The present study demonstrates that a HVDe transmission system can be efficiently 
applied to a medium vo ltage distribution network. from a technical perspective. The 
installation of a HVDC transmission link from the hydroelectric generat ion scheme, 
installed adjacent to the dam wall, to Kwa·Ximba and the Catoridge-Georgeda le 
network has proven to be more feasible than an HV AC transmiss ion link from a 
technical and environmental perspect ive. 
Even though the magnitude of power generated and the transmi ss ion distance was 
relatively small , the HYDe transmiss ion link contributes pos it ive ly to network 
stability by absorbing more reactive power than the HVAC link. With the HVDC 
system the link absorbed a combined (Kwa·Ximba, Catoridge·Georgdea le sub· 
transmission network) reactive power of 22.04 MVAr, as opposed to the HVAC 
transm ission link where a combined (Kwa.Ximba, Catoridge·Georgdeale sub· 
transmission network) reactive power 1.89 MVAr was absorbed. This demonstrates, 
the HVDe link has the abi lity to absorb more reactive power from the Catoridge· 
Georgdedale sub·transmiss ion network, therefore contributing positively to sub· 
transmission network enhancement. It is also evident that the HVDC link will not 
contribute to short circuit power. 
The HVDe system offers enough nexib ility to prov ide the estimated 17.715 MW of 
power to the Kwa-Ximba district by the year 2034 with a 11.4% spinning reserve. 
The excess power wi ll be transmitted to Eskom for system enhancement. The power 
transmitted to Eskom wi ll diminish proportiona lly per year until 2014 when the 
supply to Eskom terminates. This is due to (i) increased power demand by Kwa· 
Ximba due to growth factor of 1.8% per annum, (ii) the size of the 20 MVA converter 
stations limit the amount of power that can be generated and (iii) the flow through the 
turbine is limited to 49.02m3/s due to the maximu m now allowed th rough the 20 
MV A turbine. 
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Other benefits of using an HVDC system rather than a HV AC system for the current 
project include extremely fast control of power flow which implies stab ility 
improvements, not only for the HYDC link but also for the surrounding AC network. 
The environmenta l impact for HYDC is also much smaller and existing r i ghts~of way 
will be used. Furthermore, HYDC transmission has less negative environmental 
impact than an HVAC transmission system. 
However, the technical and environmenta l differences noted between the HVDC 
(Network A) and HV AC (Network B) systems do not justify the economics to install 
a HYDC system in order to supply power to Kwa-Ximba. The cost to install a HYDC 
system would be 64 % more than the cost to install a HVAC system. Furthermore the 
developer will make 75 % less in opportunity profit if they implemented Network A 
and not B. The developer's interest in this project would essentially be two fold (i) to 
provide basic services to Kwa-Ximba and (ii) to obta in the highest possible return on 
investment. The implementation of Network B will adequately meet these objectives. 
However, Eskom does not benefit in terms of system enhancement from Network 8 
as they would from Network A. It is therefore in Eskom's best interest to contribute 
towards the installat ion costs of the HYDe network, as the HYDe transmiss ion 
would enhance their Catoridge-Georgdale sub-transmiss ion network. One should also 
bear in mind that the study was conducted on the predicted present day (network not 
yet installed) electricity demand on the Catoridge-Georgdale sub-transmiss ion 
network. In future when the load demand increases significantly the benefits 
associated with Network A would be more prominent to Eskom. It is therefore 
recommended that Eskom (i) pay the developer a higher tariff in the form of a subsidy 
or (H) contribute a percentage towards the difference in capital costs fo r Network A 
and B now or (iii) completely fund the installation of HYDC equ ipment and 
associated HYDC transmiss ion costs at a later stage when the cost of converters and 
cables are more competitive. 
Whichever network is chosen, the community of Kwa-Ximba ultimately will be the 
main beneficiaries. They will acquire (i) electricity, (ii) potable water, (iii) sewage 
and sanitation services. This wi ll ultimately lead to financial and socia l autonomy 
from state coffers and non-governmental organisations. 
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Also, HVDC can easily meet the changing requirements brought about by 
deregulation. The trad itional electricity sector in South Africa in vo lves the major 
utility Eskom having a power supply monopoly on a national level. The key drivers 
fo r deregulation in South Africa are global competitiveness, a quest for local 
industrial development through cost-effective serv ices, equitable and sustainable 
power supplies and the soc ial empowerment of communities through the eradication 
of poverty. The present Electricity Distribution Industry (EDI) is made up of Eskom 
Distribution and about 368 municipal distributors. HYDC technology allows the 
deregulated electricity market to develop with very little technical constraints. It 
enables fast and accurate control of the power transm ined, enhanced power quality 
and allows the converter to be located where it is most needed. Furthermore, power 
quality can be improved as the HYDC terminals can control reactive power between 
stations. 
Extending the Catoridge-Georgedale network to supply power to Kwa-Ximba, with 
the hydroelectric generation switched otT is technically not the most feasible option, 
despite the lower costs involved. It places undue burden on the sub-transm ission 
network. Had the magnitude of the load been greater e.g. in the region of 60 MVA 
then the increased loading wou ld have been noticed. 
The use of Nagle Dam provides several advantages (i) It provides a reasonable 
amount of energy at the point of demand which is Kwa-Ximba, (ii) is a stand-alone 
power sources, (iii) is environmenta lly friendly (iv) the components have a long life 
span with linle degradation and (iv) relative ly unskilled workers can carry out 
operation and maintenance plans. 
This will greatly impact in reversing the urban migration trend by installing 
sustainable power sources that are essential to the econom ic health of the rura l areas. 
The feasibil ity of using wind could be a future deve lopment. Wind can a lso be used as 
an energy source . If alternat ive energy resources such as hydroelectric and wind 
power, are to be used to satisfy the energy needs in rural locat ions, they have to be 
designed in order to provide energy to meet an ever-increasing demand at affordab le 
prices as in the present study. 
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The present study is in al ignment with the aims and object ives of New Econom ic 
Partnership for Africa's Development (Nepad), Sadec and Nat ional Electrification 
Forum (NEF), which aims to uplift the African continent through investment. Nepad 
intends to use energy as a launching pad for Africa into the global economy. Against 
this, and despite the rich and diverse sources of energy on the continent, per capita 
consumption of energy in Africa is the lowest in the world, making energy poverty 
the root cause of underdevelopment. 
Access, affordability. and efficiency are the characteristics by which any strategy that 
wi ll put Africa's energy economy to a path of susta inable deve lopment must be 
j udged. Since there is a high rate of poverty and low populat ion density in rural areas, 
relying on grid so lutions for lights on is a sure course for lights off. In fact, the energy 
needs of rural Africa are decentralised. Meeting the energy needs of rural populations 
requires the explorat ion of renewable energy sources. In contrast, the Nepad action 
plan prioritises the centrali sation of power supply, the opposite of the decentralised 
energy needs of rural masses. Driven by profits, privatised utilities have no incentive 
to extend networks to rura l areas, unless government subs idies make up for the 
financial losses and provide an attractive margin of profit. It is worth noting that the 
neo-liberal policies from which Nepad draws its viabi lity is at odds with subsidies. In 
fact, governments are compelled to shirk their socia l responsibi lities thereby leav ing 
rural populat ions permanently unconnected to the grid. 
In today's economic environment it is important to find the most cost effective 
solution in terms of techn ical performance when planning new networks or upgrading 
existing networks. Distribution remains the major challenge to providing a ll of South 
Africa with electric ity. As democratization moves forward, attempts are being made 
to make use of renewable energy sources and extend power to supply small distant 
rural locations. 
According to (NER Journal, 2000) it presently costs nearly R 50 000 per km of grid 
extension, with the average cost of connecting a household to the grid being R 3000. These 
costs are fully subsidized considering the fact that electricity sales in rural areas barely 
cover the operating costs borne by the utility. There is clearly a need for low cost 
electrificat ion. The Department of Minerals and Energy issued a call fo r proposals in the 
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field of non-grid rural electrification (www.polity.org.za). HYDC provides a basis for 
supplying cost effective, re liable and efficient electrical transmission and will aid in 
achieving the objective of electricity to all, by 2010. 
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